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ABSTRACT 

 

Significant volumes of waste paint and stockpiles of crushed waste glass bottles exist in 

New Zealand and both are an environmental concern, prompting this doctoral study 

which investigated the viability of concrete that utilised waste paint as a replacement for 

conventional water-reducing and air-entraining admixtures and a partial replacement for 

mixing water, and crushed waste glass as a partial replacement for natural coarse and fine 

aggregates.   

 

An in-depth study on the effects of waste latex paint on the fundamental concrete 

properties is reported, by initially finding an optimum dosage of waste latex paint to use, 

and subsequently analysing the strength and durability properties of concrete containing 

waste latex paint.  A petrographic examination on the effects of waste latex paint on 

concrete hydrates and microstructure was also undertaken. 

 

Concrete mixes incorporating waste glass and supplementary cementitious materials were 

tested to find an optimum mix based on fundamental properties such as air content, 

compressive and flexural strength, and most importantly the problematic alkali silica 

reaction.  The use of electron microscopy was used to confirm the formation of alkali 

silica gel.  The hardened properties of concrete utilising a combination of waste latex 

paint and waste glass were also investigated, with electron microscopy used to examine 

the effect of waste latex paint on the formation of alkali silica gel. 

 

Lastly, a set of field trials were undertaken to test concrete that utilised waste latex paint 

and waste glass in commercial low strength concrete applications whilst testing the fresh 

and hardened concrete properties and attempting to achieve desired performance 

requirements.   Test results illustrated that concrete with 12 L/m
3
 of waste latex paint is 

appropriate for use in non-structural low strength concrete applications such as footpaths 

and driveways.  The waste glass used had a negative impact on all concrete properties, 

and it was considered necessary to use microsilica in concrete utilising waste glass in 

order to increase strength and mitigate the alkali silica reaction. 
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CHAPTER 1  

INTRODUCTION 

 

 

 

 

 

 

 

Ever since civilisations started to build structures, early forms of concrete were being 

used to construct the most memorable structures on earth.  5000 years ago the Egyptians 

mixed mud and straw to form bricks and used a lime and gypsum mortar as the binding 

agent to build the pyramids.  Durable architectural structures built by the ancient Romans 

include the Pantheon and Colosseum, using a combination of slaked lime and volcanic 

ash that is known as pozzolona, to create a mix that was capable of hardening under water 

and keeping both structures intact for nearly 2000 years.  It is no coincidence that the 

designers of New Zealand’s National Museum, Te Papa, chose concrete as the structural 

material to achieve a 350-year expected life without substantial maintenance, and that 

reinforced concrete was used as the primary structural system for ‘Burj Khalifa’, which is 

currently the world’s tallest structure.   

 

Concrete in its most basic form is a mixture of coarse and fine aggregates, being gravel or 

crushed stone and sand, cement, and water.  Concrete can be cast or moulded when first 

mixed, and then hardens into a strong, durable product, providing architects and engineers 

with an economical material to produce different and aesthetically satisfying 

infrastructure.  Part of the reason for the popularity of concrete as a construction material 

is its excellent mechanical and durability properties, its availability, and affordability 
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(Meyer, 2009).  Given that concrete is the most widely used building material on earth 

and recognising the global reliance on concrete, the international concrete industry needs 

to respond to global warming and other environmental concerns.  More advanced and 

sustainable concrete technologies have recently become commercially available in many 

countries, including the use of recycled concrete aggregates, the more consistent use of 

alternative cementitious materials such as blast-furnace slag and fly ash, ultra high 

performance concrete with improved durability for extended service life, and the use of 

recycled waste materials such as glass to replace natural aggregates in concrete. 

 

An example of the concrete industry in New Zealand shifting towards sustainable 

development is the PaintCrete Partnership that was formed in 2006 between a specialised 

product stewardship company 3R Group Ltd, Firth Industries Ltd (a New Zealand 

concrete and masonry manufacturer), and Resene Paints Ltd (a New Zealand paint 

manufacturing company), to undertake research and utilise the beneficial properties of the 

existing waste stream of paint as an active ingredient to produce concrete.  The PaintCrete 

Partnership decided to collaborate further, and rather than just explore the viability of 

using waste paint in concrete, they decided to also investigate the viability of creating a 

concrete product using waste glass as a partial replacement for natural aggregates in 

concrete.  Part of this decision was based on the commercial incentive for including waste 

products in construction, provided by the Green Star NZ scheme which evaluates the 

environmental attributes and performance of New Zealand buildings, with the use of 

recycled materials in construction improving the overall green star rating of the building 

(New Zealand Green Building Council, 2011).  

 

1.1 Sustainability and the role of concrete 

 

The World Business Council for Sustainable Development (WBCSD) has defined 

sustainable development as: “Meeting the needs of the current generation without 

compromising the ability of future generations to meet their needs”.  Concrete shapes the 

built environment in the form of homes, schools, hospitals, and roads, and hence cement, 

which is the ‘glue’ that holds concrete together, is a key factor for sustainable and 

economic development (WBCSD, 2005).  Infrastructure built worldwide by the 

construction sector must be appropriately managed to enable sustained socioeconomic 
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activity, as energy and resources are currently used at a significant rate to build this 

infrastructure.  With the increasing global population, and the majority of the world’s 

population residing in developing countries such as China and India, the consumption of 

energy and resources will increase substantially (Sakai, 2009). 

 

According to Sakai (2009), the 2007 world cement production was 2.77 billion tonnes, 

with the volume currently growing at an annual rate of 4% due to the increasing demand 

in countries such as India and China.  Cement is the largest source of concrete-related 

CO2 emissions, with an average of 870 kg of CO2 emitted per tonne of cement produced, 

with approximately half of this emission being due to the calcination of limestone 

(Damtoft et al., 2008; Harrison, 2006).  This CO2 emission from cement production 

accounts for approximately 5% of global anthropogenic CO2 emissions without emitting 

any other green-house gas (GHG) emissions.  However emissions from the cement sector 

are set to increase significantly in the upcoming decades, as the demand for cement in 

developing countries increased by 55% in the 1990’s, and by the year 2020 it is expected 

that global demand will increase by 115-180% from 1990 levels and by 400% by 2050 

(Damtoft et al., 2008).  Although concrete has a low embodied energy intensity when 

compared to other building materials (Figure 1.1), the vast volume of concrete produced 

results in greater overall energy consumption for a project being attributable to concrete 

(Figure 1.2) (Harrison, 2006).   

 

 

Figure 1.1:  Embodied energy intensity of building materials (Harrison, 2006) 
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Figure 1.2:  Embodied energy in buildings (Harrison, 2006) 

 

1.1.1 Reducing the clinker content 

 

One of the most effective methods of gaining significant reductions in CO2 emissions is 

by replacing cement clinker with other suitable materials, such as supplementary 

cementitious materials (SCM’s).  Examples of SCM’s currently used in concrete are 

ground-granulated blast-furnace slag (GGBS), fly ash, and silica fume.  These SCM’s do 

not possess cementitious properties themselves, but form cementitious compounds when 

used with cement.  Blending up to 10% mineral fillers (in addition to the use of SCM’s) is 

permitted in New Zealand for General-purpose cement (type GP), which has the benefit 

of reducing the embodied energy of the finished cement. 

 

1.1.2 Using recycled waste materials 

   

With the globally increasing scarcity of suitable natural aggregates for use in concrete, 

recycled waste materials such as glass, plastic, and recycled concrete can potentially be 

used to substitute natural aggregates typically used in conventional concrete manufacture.  

A significant deterrent to the use of stockpiles of crushed glass in concrete is the alkali 

silica reaction (ASR) which is influenced by properties such as glass colour, particle size, 

and proportion of waste glass used as an aggregate replacement.  Studies investigating the 
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use of waste glass to replace aggregates have been conducted worldwide with varying 

levels of success.  Of the millions of tonnes of plastic discarded every year, only a small 

percentage is recycled due to the many types of plastics and chemical formulations, which 

complicates their use in concrete production.  However research on techniques to improve 

the bond between plastic particles and the cement matrix have been proposed while more 

extensive research is being conducted on a large scale (Sawyers, 1995).  Recycled 

concrete aggregate (RCA) has been used in road construction, such as in Europe as a sub-

base material and low-specification concrete to substitute a fraction of natural aggregates 

(Hansen and Lauritzen, 2004), while numerous projects have shown that RCA can be 

used in high-strength applications, with extended use and standardised implementation in 

Europe and Japan  (Zhang and Ingham, 2010).    

 

1.2 Product stewardship 

 

Managing solid waste has long been an issue for local governments, as manufacturers and 

retailers generally take no responsibility for collecting and recycling or disposing of 

consumer products that reach the end of their useful lives.  Product stewardship involves 

producers, importers, brand-owners, and consumers accepting responsibility and helping 

to manage and reduce the environmental impact of manufactured products.  

Responsibility for postconsumer waste is assigned up and down the product chain, while 

addressing environmental effects throughout the product’s life-cycle, resulting in the 

efficient and responsible use of resources rather than dealing with the waste problem at 

the stage when the product is disposed (Ministry for the Environment, 2005).  

 

One of the first product take-back laws was initiated in Germany in 1991 to improve solid 

waste management.  The Packaging Ordinance required manufacturers and distributors in 

Germany to take back packaging from consumers and ensure that a certain percentage 

was recycled, by joining a ‘producer responsibility organisation’ to handle collections and 

arrange recycling (Palmer and Walls, 2002).  The product take-back idea has evolved in 

other countries such as the United States, where initiatives include Nike’s Reuse-a-Shoe 

program, several companies recycling computers, and electronics recycling (Palmer and 

Walls, 2002).  In Australia, as part of the National Waste Policy which was agreed upon 

in November 2009, the Australian Government has started to develop framework 
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legislation for product stewardship to provide a consistent approach to reducing the 

environmental footprint of products and materials at the end of their useful life, such as 

televisions, computers, tyres, and mercury-containing lamps (DEWHA, 2009).  Generally 

the success of the product stewardship scheme will depend on whether the program offers 

incentives to all participants, including consumers, producers, recyclers, and retailers, and 

how difficult and costly the program is to enforce (Palmer and Walls, 2002).     

 

The New Zealand Government is committed to sustainable development for New Zealand 

with waste being a key environmental issue, and hence produced the ‘New Zealand Waste 

Strategy’ in 2002 and the ‘Waste Minimisation Act’ in 2008, setting out a long term 

vision for reducing waste, using resources efficiently, and recovering resources from the 

waste stream.  One of the policies mentioned in both strategies is product stewardship, 

and as a result several useful industry-led product stewardship schemes now exist in New 

Zealand for used oil, white ware, paint, mobile phones, and agricultural waste (Ministry 

for the Environment, 2005). 

 

1.2.1 Waste paint in New Zealand 

 

An estimated 21 million litres of decorative coatings paint is currently sold in New 

Zealand per annum (Gerondis, 2010).  Leftover paint must be managed and disposed of 

appropriately as paint is considered a hazardous product.  Paint can be highly toxic to the 

environment, can pollute groundwater if dumped on the ground, and is harmful to wildlife 

and fish if it enters the storm-water system (Auckland Regional Council).  For several 

years waste paint has been collected through household hazardous waste collections by 

Local and Regional Councils on publicised collection days in parts of New Zealand.  In 

2004 Resene Paints Ltd and 3R Group Ltd together launched the product stewardship 

program, PaintWise, to minimise the impact of waste paint on the environment, which 

involves a mobile truck collecting waste paint returned by paint users at participating 

stores (see Figure 1.3).  The processed waterborne paint is provided free to community 

groups for graffiti abatement, while the solvent borne paint is sent to solvent recovery 

where the solvents can be reused (Resene, 2009).   
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(a) Waste paint recovery truck  (b)   Waste paint reprocessing facility  

 

Figure 1.3:  Waste paint collection and processing  

 

1.2.2 Waste glass in New Zealand 

 

In New Zealand the use of glass containers has significantly increased due to the 

popularity of glass bottles as convenient, high quality and hygienic containers.  Local 

glass manufacture is at its limit and there is a large increase in the volume of imported 

glass.  The amount of glass available for recycling is at an all-time high due to the limited 

capacity of New Zealand’s only glass manufacturer (O-I New Zealand) to re-use or 

recycle glass, even though since its establishment in 1922 the facility has gone from 

originally producing 50,000 bottles per week to producing 50,000 bottles an hour today.  

As a consequence, the amount of glass now collected substantially exceeds New 

Zealand’s smelting and re-use capacity (Zerowaste New Zealand Trust, 2011). 

 

Before waste glass is recycled at O-I New Zealand, it must be beneficiated, which is a 

process of treating the waste glass to remove contaminants such as bottle tops, metals, 

and ceramics to make sure that the quality of the glass is adequate for remanufacture.  

The company that carries out this beneficiation process is Visy Recycling, also located in 

Auckland, and hence all glass which is to be recycled must be sent to Auckland.  Sending 

glass to Auckland is not the most economic option for some distant regions and hence 

why there are stockpiles of glass around the country awaiting reuse rather than disposal 

(see Figure 1.4 below).  The increase in transportation costs has forced many councils to 

reassess their methods of finding an end-use for waste glass.  Alternative uses for waste 

glass include construction applications, where glass can be used as backfill for pipe 
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bedding and behind retaining walls, in concrete (Glasscrete), in asphalt, for roading, and 

even as a landscape aggregate. 

 

 

Figure 1.4:  Glass bottles stockpiled near Oreti Beach, New Zealand (Fairfax NZ, 2009) 

 

1.3 Research motivation and objectives 

 

Recognising that there is a valuable resource in the existing waste stream of paint, that 

concrete is the second most widely used material on earth (other than water) and is 

becoming a major environmental concern with its increasing use, the PaintCrete 

Partnership was formed in 2006 to utilise the beneficial properties of waste paint as an 

additive in concrete.  The reuse of waste paint not only prevents inappropriate disposal, 

but also replaces or reduces the use of conventional concrete chemical admixtures.  With 

the collection of approximately 160,000 litres of waste paint per annum, and assuming 

that paint was added to concrete at a dosage of at least 10 L/m
3 

and that all the paint is 

added to concrete, a maximum of only 16,000 m
3
 of concrete using waste paint would 

need to be batched per annum, out of the 2.7 million m
3
 of conventional concrete 

currently batched per annum, easily using up all the waste paint that is currently being 

collected in New Zealand.  Investigating the viability of concrete utilising the existing 

waste stream of paint is the primary objective of this research, given that waste paint 

exhibits similar properties to polymer-based admixtures, which have been used in the 
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modification of concrete for well over 70 years.  These polymer-based admixtures are 

generally used to improve concrete properties such as rheology, strength, toughness, and 

durability.   

 

Previous PaintCrete Partnership research into blockfill grout was the initial trial 

application of PaintCrete, where the primary advantage of using paint to increase 

workability and the potential to improve the filling capacity of concrete masonry units 

was tested.  The final recommendation from the project was that PaintCrete exhibited 

material properties capable of producing a blockfill successful at an industry level and 

becoming commonplace within the New Zealand concrete market (Haigh, 2007).  Even 

though PaintCrete exhibited properties similar to that of polymeric admixtures, PaintCrete 

blockfill was never commercialised as an insufficient number of full-scale trials were 

conducted.  Consequently, the research undertaken in this doctoral study placed emphasis 

on conducting full-scale field trials on concrete that utilised waste paint whilst aiming to 

overcome major full-scale application performance issues.     

 

In addition to the existing resource of waste paint, there are stockpiles of crushed glass 

around New Zealand as this is the most economic option for local councils.  By 

substituting a portion of the virgin aggregates in concrete with waste glass, a solution for 

the councils to dispose surplus waste glass is initiated.  Research on the use of glass in 

concrete dates back many decades with one of the major concerns being the alkali silica 

reaction (ASR), associated with silica-rich glass aggregates reacting with the alkaline-rich 

concrete pore solution, producing a gel which can expand and crack concrete.  However, 

numerous literature report the successful use of suppressants to reduce expansion of 

concrete due to ASR, including fly ash, silica fume, metakaolin, and ground granulated 

blast furnace slag (Topcu and Canbaz, 2004; Shayan and Xu, 2006; Taha and Nounu, 

2008; Thomas, 2011; Shao et al., 2000).  An investigation on the fresh and hardened 

properties of concrete utilising waste glass was another primary objective of this research, 

with emphasis placed on ‘real-world’ testing of ASR in concrete by conducting field 

trials, rather than only conducting laboratory based ASR testing.   

 

Lastly, low strength (~20 MPa) non-structural concrete applications such as footpaths and 

driveways are ideal for producing a viable concrete mix that utilises waste paint and 
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crushed waste glass.  Hence the opportunity to test applicable fresh and hardened concrete 

properties of low strength concrete applications as a result of adding waste paint and 

waste glass was investigated. 

 

The two primary objectives of this thesis were to demonstrate the viability of using waste 

paint in concrete and using waste glass in concrete.  These objectives were achieved by 

testing different low strength concrete mix designs for fundamental fresh and hardened 

properties including workability, air content, strength, and durability, both in the lab and 

with the use of full-scale commercial production facilities.  The results of the concrete 

modified with waste paint and the concrete modified with waste glass were compared to 

the results of the unmodified control concrete, after which conclusions were made based 

on the positive and negative effects of waste paint on concrete and waste glass on 

concrete. 

 

These aforementioned objectives were undertaken to expand knowledge and provide new 

insights in the field of using waste latex paint in concrete and waste glass in concrete by 

conducting trials to investigate the effects of waste latex paint on a standard 20 MPa 

concrete mix produced by a New Zealand ready-mix concrete supplier, compared to 

preliminary published trials (Haigh, 2007) which only investigated masonry blockfill 

mixes.  The effect of waste latex paint on concrete microstructure and concrete hydrates 

were also investigated, which has never been conducted previously.  Due to the lack of 

information and absence of reported performance of concrete applications such as 

footpaths that utilise waste glass, and in particular long-term observations on performance 

characteristics such as concrete durability and the alkali-silica reaction, emphasis in this 

thesis has been placed on ‘real-world’ testing objective of investigating ASR in concrete 

by conducting field trials, rather than only conducting laboratory based ASR testing.   

 

1.4 Thesis outline 

 

This doctoral thesis is a combination of a literature review, and manuscripts which have 

been published or submitted for publication in international highly recognised concrete-

related journals.  Chapters 2-3 consist of a literature review on polymers, paint, and glass, 

and their use in concrete.  Chapters 4-8 consist of manuscripts associated with testing the 



Nasser Almesfer 

11 

 

fresh and hardened properties of concrete that utilised waste paint and/or waste glass, 

with each manuscript being presented in a chapter format and the title for each chapter 

corresponding with the title used for the manuscript.  Details of the mix designs tested in 

chapters 4-8 have not been included due to commercial sensitivities.
1

  There is 

unavoidable repetition in the presented material as a result of multiple manuscripts.  This 

thesis is organised in the following eight chapters. 

 

Chapter 2 contains a brief history on the use of polymers in concrete and then the 

different types of concrete-polymer composites are classified and briefly summarised.  An 

overview of the properties of polymer-modified concrete (PMC) is presented due to the 

similarity between PMC and paint in concrete.  The use of paint as a polymeric admixture 

in concrete is then discussed with regards to the basic constituents of paint and previous 

applications of paint in concrete. 

 

Chapter 3 gives an introduction on the problematic ASR, followed by the chemistry of 

ASR and how to measure its effects in concrete, prior to a description of the pozzolanic 

reaction.  The effects of glass colour, glass content, and glass particle size on ASR are 

outlined, along with the morphology of the ASR gel caused by glass.  The fresh and 

hardened properties of glass in concrete are presented based on whether glass is used to 

replace natural coarse or fine aggregates in concrete, or to replace cement. 

 

Chapter 4 presents findings from initial tests on the use of waste latex paint (WLP) as a 

polymeric admixture in concrete, based on producing a blockfill mix capable of 

maintaining or improving the properties of the hardened material.  Different WLP 

concentrations in concrete were tested for rheology with regards to separation, viscosity, 

and yield shear stress, along with compressive and flexural strength.   

 

Included manuscript: 

 

Almesfer, N., Haigh, C.J., and Ingham, J. (2012) Waste paint as an admixture in concrete. 

Cement and Concrete Composites 34(5): 627-633. 

                                                 

1
 For access to details of mix designs tested, permission must be granted from Graeme Norton 

(Graeme@3r.co.nz) 
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Chapter 5 reports an in-depth study on the effects of WLP on concrete.  Six different 

samples of WLP were tested in concrete to initially find the optimum WLP dosage to use 

in concrete based on indications from the preliminary results reported in Chapter 4.  The 

compressive and flexural strength of concrete with WLP were tested, along with the use 

of a different concrete curing regime suited for concrete incorporating latex, while 

durability based on water absorption and chloride penetration were also tested.   The 

effects of WLP on concrete hydrates and microstructure were analysed by using X-ray 

diffraction, thermogravimetry, spectroscopy, and electron microscopy. 

Included manuscript: 

 

Almesfer, N., and Ingham, J. (2014) Effect of waste latex paint on concrete. Cement and 

Concrete Composites 46: 19-25. 

 

Relevant manuscripts: 

 

Almesfer, N., McSaveney, L., Norton, G., and Ingham, J. (2011) The use of recovered 

paint to enhance the performance of more sustainable concrete. fib workshop on 

performance based specifications for concrete, Leipzig, Germany, 24-25 March, 2011. 

 

Almesfer, N., Norton, G., and Ingham, J. (2011) From PaintWise
TM

 to PaintCrete
TM

. 

Surface Coatings Association New Zealand Conference, Wairakei Resort, Taupo, New 

Zealand, 7-9 July, 2011. 

 

Almesfer, N., Norton, G., and Ingham, J. (2012) Waste paint and glass in concrete. 

Surface Coatings Association New Zealand Conference, Blenhiem, New Zealand, 19-21 

July, 2012. 

 

Chapter 6 presents findings on the effects of crushed waste glass (WG) as a partial 

replacement for natural coarse and fine aggregates in concrete.  Concrete mixes 

incorporating waste glass (WG) and supplementary cementitious materials were tested to 

find an optimum mix based on fundamental properties such as air content, compressive 
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and flexural strength, and most importantly ASR.  The use of electron microscopy was 

used to confirm the formation of ASR gel. 

 

Included manuscript: 

 

Almesfer, N., and Ingham, J. (2013) Effect of waste glass on the properties of concrete. 

Submitted to the Journal of Materials in Civil Engineering, published by ASCE. 

 

Chapter 7 includes an investigation on the combined use of WLP and WG in concrete, 

while determining the effect of WLP on the formation of ASR resulting from the use of 

WG.  Parameters of the concrete tested are similar to those reported in Chapter 6, 

including air content, dry density, strength, and ASR, with electron microscopy used to 

conclude the effect of WLP on the formation of ASR gel. 

 

Included manuscript: 

 

Almesfer, N., and Ingham, J. (2013) Effect of waste glass and waste paint on the 

hardened properties of concrete. Submitted to the Magazine of Concrete Research 

 

Chapter 8 contains a set of concrete projects/field trials on commercial low strength 

concrete applications utilising WLP and WG whilst testing basic fresh and hardened 

concrete properties and gaining vital feedback from concrete placers regarding the 

workability and finishing of the concrete to help improve the concrete mixes.  The 

hardened concrete was visually checked and cores were tested for compressive strength at 

stipulated times after the concrete was placed, while cores from concrete projects 

incorporating WG were tested for ASR formation after being placed. 

 

Included manuscript: 

 

Almesfer, N., and Ingham, J. (2013) Field evaluation of concrete that utilises waste paint 

and waste glass. Submitted to the International Journal of Concrete Structures and 

Materials. 
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Chapter 9 presents a summary of the main conclusions of this thesis and provides 

recommendations for future research. 

 

Appendix A contains a summary on the field trials carried out throughout this doctoral 

study, other than the field trials mentioned in Chapter 8.  This summary contains results 

of the slump, air content, and compressive strength, along with photographs of each trial.  

These field trials were carried out in order to test concrete that utlised WLP and WG 

whilst using commercial facilities to produce the concrete, rather than only testing 

concrete that utilised WLP and WG and was manufactured in the laboratory.   

 

Appendix B reports an investigation into the effect of sodium silicate concentration on 

properties of alkali-activated slag undergoing carbonation, which was undertaken as part 

of a student exchange undertook by the author at Chonnam National University, 

Gwangju, South Korea.  Three alkali-activated slag (AAS) mortar mixes with different 

mixing ratios of sodium silicate powder activator, plus an ordinary Portland cement 

(OPC) control mortar mix were prepared and tested for compressive strength, 

carbonation, and dehydration, while mineralogical and microstructural characterisation of 

specimens prior to and after carbonation was also conducted.  

 

Included manuscript: 

 

Almesfer, N., Song, J.K., Choi, K.H., and Ingham, J. (2013) Effect of sodium silicate 

concentration on properties of alkali-activated slag undergoing carbonation. Submitted to 

the Journal of Cement and Concrete Composites. 
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CHAPTER 2 

POLYMERS AND PAINT IN 

CONCRETE 

 

 

 

 

 

 

The use of polymeric materials started within the first stages of the evolution of humans.  

When humans protected themselves against the forces of nature, such as wind and 

weather, they constructed their primitive buildings out of bamboo, wood, leaves, and 

fabrics, which are all made of natural polymers.  During the 20
th

 century, chemical 

processes allowed the manufacture of a large range and volume of synthetic polymers to 

be used in industries including construction, automation, transportation, electronics and 

packaging.  Recently, polymers have become an increasingly important part of modern 

engineering materials such as plastics, coatings, sealants, rubbers, adhesives and fibres 

(Akovali, 2005). 

 

Chemically, polymers are long-chain molecules of high molecular weight, with the term 

macromolecules frequently being used when referring to polymeric materials.  Important 

aspects for polymers include molecular weight, weight distribution, and the organization 

of atoms along the polymer chain.  The commencement of polymer chain motion 

indicates the softening of the polymer from the glassy (plastic) state to the rubbery state.  

The mechanical behaviour of polymers is described by properties such as modulus, stress 

relaxation, and elongation at break (Sperling, 2006).  
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With concrete being the most widely used building material in the world, the concept of 

modifying concrete with a polymer is not new, with the first patent of the concept issued 

in 1923.  Since then considerable research and time has been spent in several countries 

around the world on the development of modifying concrete with polymers.  As a result, 

several polymer modification systems for concrete have been developed and are currently 

being used in various applications in the construction industry (Ohama, 1998).  It was 

only in the 1970’s that the use of polymers in concrete gained widespread publicity, with 

the American Concrete Institute Committee 548, Polymers in Concrete being formed, and 

in 1975 the first International Congress on Polymers in Concrete (ICPIC) was held in 

London.  The incorporation of polymers in concrete is generally based on improved 

strength, resilience, impermeability, chemical resistance, and adhesion.  These improved 

properties have allowed polymers in concrete to be used for a vast array of applications 

such as the repair of structural components, waterproofing, overlay of pavements and 

bridges, structural and non-structural pre-cast products, and industrial floors (Aggarawal 

et al., 2008).           

 

2.1 Classification of concrete-polymer composites 

 

Polymers in concrete are either incorporated in the cement-aggregate mix or used as a 

single binder, and can be divided into three classes: Polymer Modified Concrete (PMC or 

PCC), Polymer Impregnated Concrete (PIC), and Polymer Concrete (PC).  The concrete-

polymer composite consists of two solid phases, being the aggregates which are dispersed 

through the materials, and the binder which consists of a cementitious phase and a 

polymer phase.  Depending on the volume fraction of the polymer in the binder phase, the 

material shifts from PMC to PC (Gemert et al., 2005).  Figure 2.1 below shows the 

system of classification of the concrete-polymer composites. 
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Figure 2.1:  System of classification of concrete-polymer composites (Ohama, 2011) 

 

2.1.1 Polymer Impregnated Concrete (PIC)  

 

The improvement of ordinary cement concrete by polymer impregnation requires fully or 

partially replacing all the air and water filled pores in the cement matrix phase with 

polymers.  Low viscosity monomers are injected in the pores of the hardened concrete 

and subsequently polymerised, with the resulting polymers forming a second matrix of 

the pores and being interconnected throughout the concrete (Ohama, 2011).  The concrete 

structure may be impregnated to varying depths or reside in the surface layer only, 

depending on whether increased strength and/or durability is to be improved (Blaga and 

Beaudoin, 1985).    The monomer, usually methyl methacrylate or vinyl, is polymerised 

by radiation or thermal catalytic techniques (Fowler, 1999).  Since undergoing extensive 

research in the 1960’s, the use of PIC has been limited, while Ohama (2011) mentioned 

that PIC, which was developed with great promise in the United States, Japan, and 

European countries in the late 1960’s to 1970’s, has nearly dissappeared from the 

international construction industry because of its poor cost-performance balance.  
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2.1.2 Polymer Concrete (PC) 

 

Polymer concrete (PC) is a composite material that is made by fully replacing the cement 

binder with polymeric binders consisting of liquid resins such as thermosetting resins, tar-

modified resins, and vinyl monomers.  Most of the monomer systems for PC polymerise 

at ambient or room temperature, strongly binding the aggregates.  In comparison with 

ordinary concrete, properties such as strength, chemical resistance, water-tightness, 

adhesion, and abrasion resistance are generally improved to a great extent with PC 

(Ohama, 2011).  PC’s rapid curing and excellent bond to ordinary concrete and steel 

reinforcement make it a common repair material while PC overlays are used for bridge 

surfaces and floors in sports arenas due to fast curing and low permeability (Fowler, 

1999).  Although 3-5 times stronger than ordinary Portland cement concrete, PC displays 

brittle characteristics that have limited its usefulness for load-bearing applications, but its 

excellent strength and durability reduce the need for maintenance and frequent repairs 

(Reis, 2010). 

 

2.1.3 Polymer Modified Concrete (PMC)  

 

When latex is added to Portland cement concrete, the resultant composite is called PMC.  

Polymer latexes consist of small organic polymer particles ranging in size from 0.05-

0.5 µm and dispersed in water.  The formulations for emulsion polymerisation of typical 

polymer latexes are listed below in Table 2.1.  The latexes most commonly produced are 

copolymers of styrene-butadiene (SB), acrylates (PAE), styrene-acrylate (SA), polyvinyl 

acetate (PVA), and vinyl acetate ethylene (VAE), indicating that latexes are composed of 

organic polymers containing various monomers including styrene, acrylate, vinyl acetate, 

and butadiene (Walters, 2006). 
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Table 2.1:  Formulations for emulsion polymerisation of typical polymer latexes as polymer-based 

admixtures (Ohama, 1998) 

 

 

 

Polymer latexes are generally classified by the type of surfactant used to stabilise them, 

being either cationic (positively charged), anionic (negatively charged), or non-ionic 

(uncharged) (Ohama, 1998).  During the latex manufacturing process (emulsion 

polymerization), the surfactants are added to the latex formulation to prevent coagulation 

of the particles from the mechanical stress of the process while it is necessary to 

incorporate an antifoam agent in the latex to control the air content as it is common for 

surfactants to foam when agitated (Walters, 2006).   

 

The PMC has a monolithic cement matrix in which the organic polymer phase and 

cement phase are interpenetrated and homogenized (Ohama, 2011).  While water is 

removed due to cement hydration and water evaporation, the polymer particles eventually 

coalesce into a continuous polymer film which is interpenetrated throughout the hydrated 

cement particles and subsequently results in coating the particles and aggregates.  These 

principles of film formation in PMC are discussed in more detail in Section 2.2.  The 

properties of the fresh and hardened PMC depend on the polymer type, polymer-cement 

ratio, water-cement ratio, air content, and curing conditions (Ohama, 1998), and are 

discussed in detail in Section 2.3. 
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2.2 Film formation in Polymer Modified Concrete  

 

Latex film formation is a process which involves several steps, starting from an aqueous 

latex dispersion and ultimately resulting in a homogenous polymer film.  Generally the 

film forming process can be viewed as a succession of the four steps shown in Figure 2.2 

below.  While water is removed from the latex dispersion, ordering and packing of the 

polymer particles takes place, before an ordered array of hexagonal deformed latex 

particles is formed.  Finally, a molecularly homogenous polymer film is formed as a 

result of polymer particle coalescence (Gretz and Plank, 2011).  This film formation is 

governed by the polymer’s minimum film forming temperature (MFFT), which is the 

temperature below which the polymer particles will not coalesce to form a film.  This 

MFFT will vary depending on the polymer and other additives used in the emulsion 

polymerisation process, but typically ranges between 4-10 
o
C (Walters, 2006).    

 

 

Figure 2.2:  Process of film formation from an aqueous polymer latex dispersion (Gretz & Plank, 

2011). 

 

The polymer film formation process can simultaneously occur with cement hydration, 

especially in the case of dry curing conditions.  Therefore partial or full encapsulation of 

the cement hydrates is possible, delaying the hydration process.  In order for the cement 

hydrate and polymer phases to form a monolithic co-matrix, it is important that both 

cement hydration and polymer film formation proceed well and interpenetrate each other 

according to the simplified model shown in Figure 2.3 below, where the inclusion of 

aggregates in the matrix is shown.  In PMC, aggregates are bound by such a matrix which 
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results in superior properties compared with conventional cementitious composites 

(Ohama, 1998).   

 

 

Figure 2.3:  Simplified model of formation of polymer-cement co-matrix (Ohama, 1998) 

 

Immediately after mixing, the cement and polymer particles are dispersed in water, with 

hydration of cement occurring which results in an alkaline pore solution.  A portion of the 

polymer particles is then adsorbed onto the cement grains and aggregates, with the 

polymer-cement ratio determining the amount of polymers present in the pore solution 

and aggregate surface.  Some of the polymer particles may start to coalesce, which 

preferably takes place at the surface of a cement hydrate where extra forces are exerted on 

the polymer particles due to the extraction of water for cement hydration.  The following 

step consists of cement hydration and polymer coalescence, depending on the curing 

conditions.  If a dry curing period is included, polymer film formation will take place 

earlier than if no dry curing period (low relative humidity) is introduced, which will 

influence cement hydration and strength development at early curing ages.  The final step 

includes complete film formation and further cement hydration, with the polymer films 

being deposited at the interface of the aggregates and bulk polymer-cement phase, 

contributing to the elastic and final strength properties (Gemert et al., 2005). 

 

The best conditions for strength development are a wet curing period to allow the cement 

to hydrate, followed by a dry curing period to promote polymer film formation.  This 

process ensures that first cement hydration takes place with only limited film formation, 

followed by a larger amount of polymer particles being incorporated into the continuous 

film in the final stage.  If the drying period is introduced earlier in the process, film 
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formation will start earlier and proceed simultaneously with cement hydration, which will 

result in greater encapsulation of the cement hydrates and incorporation of the polymer 

phase in the hydration products that precipitate from the pore solution (Beeldens et al., 

2005). 

 

2.3 Properties of Polymer Modified Concrete 

 

The addition of polymers to concrete generally improves the final product by allowing a 

reduction in the amount of water required in the freshly mixed concrete, and by providing 

dispersed polymers in the matrix of the hardened concrete (Walters, 2006).  The 

properties in the fresh and hardened stages of PMC using latex are described below. 

 

2.3.1 Fresh properties of Polymer Modified Concrete 

 

Workability 

 

Ohama (1998) reported that PMC has improved workability due to the surfactants being 

adsorbed onto the polymer and cement particles, generating a dispersing effect and an 

increase in entrained air, and also due to the “ball bearing” action of the polymer 

particles.  Lewis and Lewis (1990) reported that surfactants have a lubricating effect on 

the wet concrete mix, reducing the viscosity, and hence high workability of the cement 

paste in PMC is achieved at a much lower water to cement ratio compared to ordinary 

concrete.  These surfactants and polymers react in the same manner as do conventional 

water-reducers (super-plasticizers) added to concrete, helping to disperse the cement 

particles by reducing the inter-particle attraction, thereby reducing their tendency to 

clump together and requiring less water for the same workability (Grace Construction 

Products, 2007).  Placement of the fresh PMC mixtures is markedly improved due to the 

plasticising, lubricating, and air-entraining effects of the polymers and surfactants 

(Knapen and Van Gemert, 2009).   
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Air entrainment 

 

The action of the surfactants contained as emulsifiers and stabilizers in the polymer latex 

results in a large quantity of air being entrained in comparison to ordinary cement 

concrete.  Some air entrainment is useful to improve workability, but excess air will cause 

a reduction in strength (Ohama, 1998).  Excesss air entrainment can be controlled with 

the proper selection and amount of latex and antifoaming agent used (Walters, 2006). 

 

Setting time 

 

The cement hydration process is delayed by the polymer and the surfactants, which is 

visible in the strength development (explained below in Section 2.3.2), with the delay 

becoming more significant with an increase in polymer/cement ratio.  The polymer film 

can partly or fully encapsulate a cement grain and hence reduce the hydration rate, while 

the cement hydration process is also influenced by the fact that the water is retained 

longer due to the presence of the surfactants at the surface of the polymer particles 

(Gemert et al., 2005).  

 

Water retention 

 

Concrete modified with polymers shows higher water retention than ordinary concrete 

due to the hydrophilic parts of the polymers attaching to the water molecules in the fresh 

mixture, preventing the dry-out phenomena by evaporation and absorption into the 

surrounding substrate or porous material (Knapen and Van Gemert, 2009).  Ohama 

(1998) reported that the polymer latexes decrease water evaporation due to the filling and 

sealing effects of the impermeable polymer films formed, increasing the long-term 

strength. 

 

Bleeding and segregation 

 

Despite its improved flowability, PMC has improved resistance to segregation and 

bleeding when compared to ordinary concrete, due to the hydrophilic properties of the 

polymers and the air-entraining and water-reducing effects of the surfactants, and hence 
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reductions in strength and waterproofness caused by bleeding and segregation do not exist 

in PMC (Ohama, 1998). 

 

2.3.2 Hardened properties of Polymer Modified Concrete 

 

Strength 

 

Generally the compressive strength of PMC is lower than that of ordinary concrete after 

28 days, but equalises or exceeds the compressive strength of ordinary concrete after 90 

days due to the improved water retention.  The tensile strength of the binder matrix is 

improved, as well as the adhesion strength between the aggregate and binder, which 

increases the flexural strength.  At high relative humidity, the influence of polymer 

modification on short-term flexural strength is limited, but when a dry curing period is 

introduced, a polymer film starts to form in the binder phase and an increase in flexural 

strength is noticed with an increase in polymer/cement ratio (Beeldens et al., 2005).  It is 

evident that optimum strength in PMC is obtained by achieving a reasonable degree of 

cement hydration when subjected to wet conditions at early stages, followed by polymer 

film formation under dry conditions (Ohama, 1998). 

 

Bond and adhesion 

 

Polymer bridges have been detected between the Ca(OH)2 layers and bonding the layers 

together.  The polymers improve the cohesion of the bulk cement paste, and hence a 

lower amount of microcracks is observed for PMC (Knapen and Van Gemert, 2009).  The 

enhanced bond properties of PMC have are why PMC is used extensively for overlays on 

concrete bridges and garage decks (Walters, 2006). 

 

Durability 

 

Pores in PMC can be filled with polymers or sealed with continuous polymer films, 

reducing water absorption and permeability. Such good water impermeability provides 

high resistance to chloride ion penetration and reduced transmission of gases such as 

carbon dioxide (CO2) and oxygen (O2), which are all improtant factors in the corrosion of 
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reinforcing bars in reinforced concrete structures (Ohama, 1998).  The resistance of PMC 

against freezing and thawing is superior when compared to ordinary Portland cemrnt 

concrete due to PMC’s low permeability to water, while 30 years of field experience has 

not shown any freeze-thaw deterioration (Walters, 2006). 

 

Drying shrinkage and creep 

 

Generally the 28-day drying shrinkage of PMC tends to decrease with increasing 

polymer/cement ratio.  The creep coefficient of PMC is considerably smaller than that of 

ordinary concrete, because of the strengthening of the concrete matrix with polymers, and 

the long-term strength development of PMC with improved water retention when 

compared to ordinary concrete (Ohama, 1998). 

 

2.4 Limitations on the use of concrete-polymer composites 

 

It should be understood that one of the primary limitations on the use of concrete-polymer 

materials is cost, which can range from 10 to 100 times that of Portland cement, hence 

making its use for high volume applications impractical except in unusual cases where 

durability criteria render ordinary concrete unusable.  Another limitation is the inability of 

PMC to withstand high temperatures, and hence PMC cannot be used as the structure for 

buildings housing people (Fowler, 1999).  Rapid drying of PMC causes a skin (crust) to 

form on the concrete surface, which makes the finishing operation difficult.  Hence care 

should be taken when relative humidity, wind, and temperature create an environment for 

rapid evaporation of water (Walters, 2006). 

 

2.5 Paint as a polymeric admixture 

 

Paint is defined by the generic type of binder or resin that it contains, and is grouped 

according to the hardening or curing mechanism that it exhibits.  The organic resin of the 

paint is primarily responsible for determining the properties of the paint, but the type and 

amount of pigments, solvents, and additives also influence the application and protective 

properties of paint (Schweitzer, 2006).  Figure 2.4 below shows the basic constituents of 

generic paint. 
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Figure 2.4:  Basic constituents of a generic paint (Turner, 1988) 

 

2.5.1 Binder 

 

The binder forms the matrix of the paint coating, which is a continuous polymeric phase 

in which all other components such as pigments and extenders are incorporated.  The 

binder’s density and composition are primarily responsible for determining the chemical 

resistance, permeability, and ultraviolet (UV) resistance of the paint (Schweitzer, 2006).  

Paint binders may be referred to as convertible and nonconvertible types, depending on 

the curing mechanism.  Convertible paints are used in an unpolymerised or partially 

polymerised state and undergo polymerisation to form a solid film after application to the 

substrate.  Nonconvertible paints are based on polymerised binders dispersed or dissolved 

in a medium such as water, that evaporates after the coating has been applied and leaves 

behind a coherent film on the substrate (Talbert, 2008).     

 

2.5.2 Pigment 

 

Pigments are insoluble particles which are incorporated into the paint to provide certain 

properties including colour, opacity, mechanical strength, durability, and corrosion 

protection for metal substrates.  Pigments may be organic and inorganic materials, while 

the pigment particle size, shape, and density are important considerations affecting paint 

gloss, settling of the pigment during paint storage, wetting by the binder, tint strength, and 

colour fastness.  Almost all paint formulas contain white pigment to adjust the final 



Nasser Almesfer 

29 

 

colour of the paint, with titanium dioxide (TiO2) being the primary white pigment used 

due to it being non-toxic, stable, and relatively cheap (Talbert, 2008).   

 

The dispersion of pigments in fluid media is of great technological importance and 

involves the breaking down and separation of the aggregated and agglomerated particles 

that are present in all pigments in their normal form after manufacture.  Pigment 

dispersion is considered to be a process of particle separation, homogeneous distribution 

of the particles in a medium, and stabilization of the resultant system to prevent 

flocculation and settling (Vernardakis, 2007). 

 

Extender pigments (fillers) are frequently used in paint to reduce the raw material cost, 

and in some cases improve paint properties such as durability, rheology, and film gloss.   

Most extender pigments are white or near-white inorganic minerals, including 

inexpensive fillers such as calcium carbonate, calcined kaolin, talc, and mica (Ralston, 

1995).  The effects and applications of TiO2 and other paint constituents as ultrafine 

particles (0.1-0.8 µm) are explained in section 2.6. 

 

2.5.3 Surfactants 

 

Paint formulations with little or no solvents require the increased use of interface-active 

materials to provide adequate substrate wetting and surface flow, pigment and polymer 

dispersion and stabilisation.  A common problem with waterborne coatings is that they 

are particularly susceptible to surfaces that have not been properly cleaned or prepared, 

and hence surface contamination problems can cause the final coating to exhibit poor 

coverage, craters, and poor adhesion.  By decreasing the surface tension of a liquid, 

surfactants or surface-active agents can reduce problems when two materials will not 

chemically attach to each other (Morell, 2007). 

 

Surfactants possess two different chemical groups, with one group being compatible with 

water (hydrophilic head) and one group being repelled by water (hydrophobic tail) (see 

Figure 2.5).  The opposing forces of the surfactant molecule will allow two incompatible 

materials to become more homogenised, and thus if enough surfactants are available, 

particles are encouraged to slide past each other and repel each other (Turner, 1988).  
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Figure 2.5:  Representation of active surfactant (Turner, 1988) 

 

The use of surfactants causes undesirable effects such as the stabilization of air in the 

form of foam, incorporated during the manufacture or application of paint, particularly in 

waterborne paint.  Individual air bubbles burst when they reach and pass through a 

surfactant-free liquid.  However in liquids containing surfactants, a surfactant film forms 

around the gas bubbles.  If these bubbles reach the surface, which is also coated with 

surfactants, a lamella stabilized by the surfactant is formed (see Figure 2.6 below) 

(Evonik Tego Chemie GmbH, 2010).  

 

 

(a) Bursting of air bubbles in a          (b) Stabilisation of air bubbles in a liquid           

surfactant-free liquid               containing surfactants     

 

Figure 2.6:  Bursting and stabilisation of air bubbles in liquid (Evonik Tego Chemie GmbH, 2010) 
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2.5.4 Foam controlling agent 

 

Foam formation in paint can increase the time to produce paint, reduce the effective 

volume of production plants, and interfere with the paint application process.  Foam 

controlling agents, being either an antifoam or a defoamer, need to exhibit properties such 

as being insoluble in the paint formulation and having low surface tension.  The foam 

controlling agent, emulsified into fine droplets, must penetrate the surfactant film which 

stabilizes the foam lamella.  The foam controlling agent then spreads into a lens at the 

liquid/air interface, destabilising the foam lamella until the resultant film ruptures (see 

Figure 2.7).  Foam controlling agents based on active ingredients such as mineral oils and 

silicones are the most common for use in waterborne coatings, while the choice of the 

active ingredient is dependent on the composition of the medium in which it must work 

(Evonik Tego Chemie GmbH, 2010). 

 

 

Figure 2.7:  Penetration and spreading of foam controlling agent (Evonik Tego Chemie GmbH, 2010) 

  

2.6 The effect and application of fine particles in concrete 

 

As mentioned earlier in Section 2.5.2, paint contains numerous small particles in the 

range of 0.1-0.8 µm which are commonly classified as ultrafine particles.  The addition of 

these ultrafine particles in concrete generally improves strength and durability through the 

particle packing theory, while improving the rheology of concrete with poorly graded 

aggregates.     

 

Larrard (1988) investigated the effects of adding ultrafine particles in high strength 

concrete and found that the strength correlated with the particle packing density of the 

concrete binding phase.  With the assistance of very effective superplasticisers,  

Lagerblad and Vogt (2003) determined that it is possible to replace up to 40% of the 
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cement and still maintain strength with the use of particles having a diameter smaller than 

10 µm, with the optimum effect being achieved when the cement is replaced while the 

water/cement ratio was kept constant.  It was also found that the rate of cement hydration 

increased with increased filler fineness. 

 

Nehdi et al. (1998) investigated the effect of ultrafine particles that were used as partial 

replacements for cement on the rheology of high strength concrete, using limestone filler 

having an average particle size between 0.3 µm and 0.7 µm.  It was determined that the 

replacement of cement with this limestone filler allowed a decrease in the dosage of 

superplasticiser, possibly due to the improved gradation of the binder and the lubricating 

effect imparted by the fine particles, reducing aggregate friction in the fresh concrete.  A 

reduction in viscosity was noted as the particles became finer and more spherical, and as 

the proportion of cement replaced with the ultrafine particles increased.  Ultrafine 

particles also reduced the bleeding, with bleeding reducing with a reduction in particle 

size. 

 

The fine particle effect on the fresh and hardened properties of concrete depend on the 

fineness of the particles, the particle size distribution, and particle shape.  Broader 

particle-size ranges have greater maximum particle packing because the finer particles fit 

into the gaps between the coarser particles, while the finer and more spherical the particle, 

the more enhanced the rheological properties (Nehdi et al., 1998).          

 

2.7 Prior applications of paint in concrete 

 

Nehdi and Sumner (2003) investigated the use of waste paint in concrete, with a special 

focus on concrete pavements, based in Ontario, Canada.  This study showed that at 

specific paint dosages, the compressive and tensile strength of the concrete was increased.  

The paint modified concrete also showed improved resistance to freeze-thaw damage, 

chloride-ion penetrability, and surface scaling.  A field demonstration sidewalk exhibited 

a better surface finish, more appealing colour, and reduced aggregate pop-outs.  The 

motivation for this study was based on the fact that waste latex paint constituted 12% of 

all the hazardous waste collected in Ontario, with collections increasing while having an 

escalating cost of disposal (Nehdi & Sumner, 2003). 
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Haigh (2007) investigated the use of waste paint as an admixture to enhance the 

properties of blockfill grout. From compressive strength tests, spread tests, and flexural 

tensile strength tests, an amount of 12-16% replacement of water by paint was found to 

give optimum results.  It was also found that the seismic response of the paint-modified 

blockfill was similar to that of a conventional blockfill grout, indicating that this modified 

blockfill had the potential to be successful on a larger scale (Haigh, 2007). 

 

A recent study was conducted at the University of Bath in 2008, where the rheological 

and hardened properties of PMC mixes using recycled paint as the enhancing admixture 

were investigated.  The addition of paint was found to either enhance or deteriorate the 

concrete compressive and tensile strength depending on the water content, with air 

entrainment thought to be the main cause of deterioration (which was thought to increase 

as the water content increased).  The study demonstrated that polymers contribute to 

enhanced strength, and that the effects of polymers on the workability of the mix are 

dependent on the polymer type.  It was recommended that further study be conducted into 

the effects of different paint dosages, air entrainment, and mixing procedures (Godfrey, 

2008). 

 

2.8 Conclusions 

 

A brief history on the use of polymers in concrete was presented and then the different 

types of concrete-polymer composites were classified and summarised.  Polymers in 

concrete are either incorporated in the cement-aggregate mix or used as a single binder, 

and can be divided into three classes: Polymer Modified Concrete (PMC), Polymer 

Impregnated Concrete (PIC), and Polymer Concrete (PC), and depending on the volume 

fraction of the polymer in the concrete binder phase, the material shifts from PMC to PC.    

 

An overview of the properties of polymer-modified concrete (PMC) was presented due to 

the similarity between PMC and paint in concrete.  Latex dispersions, which consist of 

small organic polymer particles dispersed in water, have been widely used to modify 

ordinary concrete and produce what is commonly known as PMC.  The formation of the 

microstructure in PMC in relation to the polymer film formation being coincident with 

cement hydration was described, and based on numerous studies it was established that 
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latex dispersions improve some undesired fresh and hardened concrete properties such as 

cohesion, adhesion, brittleness, low flexural strength, and durability.  Additionally, PMC 

was found to be suitable for various structural and non-structural products and is ideal for 

overlay of pavements, bridges, and industrial applications due to PMC having a cement 

matrix in which the organic polymer phase and cement phase are interpenetrated and 

homogenised.   

 

The use of paint as a polymeric admixture in concrete was discussed with regards to the 

basic constituents of paint and previous applications of paint in concrete.  Waste latex 

paint (WLP) contributed in a similar form to virgin latex in concrete, such as increasing 

the flexural strength and decreasing chloride ion diffusion.  Studies demonstrated that 

(WLP) enhances the workability of concrete, and does not negatively affect the setting 

time or slump loss, yet has a tendency to decrease the compressive strength. 
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CHAPTER 3 

CRUSHED WASTE GLASS IN 

CONCRETE 

 

 

 

 

 

 

Glass is a unique inert material that can be recycled many times without its chemical 

properties changing (e.g. it is a 100% recyclable material).  Therefore glass bottles can be 

crushed into cullet, melted, and then produced into new bottles without significant 

changes to the glass properties.  The efficiency of collecting the bulk of post-consumer 

glass depends on the method of collecting and sorting the glass of different colours.  If 

different colour glass (amber, green, clear) can be separated, then this sorted glass can be 

used for manufacturing similar colour glass containers.  Otherwise mixed glass colours 

are unsuitable for use as containers and are often either used for other purposes or are sent 

to landfill (Shayan and Xu, 2004). 

 

3.1 The alkali silica reaction  

 

Grading, particle shape, hardness, density, and “cleanness” are generally the only 

characteristics taken into account when assessing aggregates to be used in concrete to 

achieve long-term specified concrete strength and volume stability, with no attention 

given to the chemical or mineralogical composition of the aggregate, despite the fact that 
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concrete is known to have a highly alkaline pore solution usually exceeding a pH of 13.  

In the late 1930’s an American engineer named Thomas Stanton observed unexplained 

cracking in a Californian concrete structure and detected a previously unknown 

deleterious chemical reaction which involved the cement pore solution and certain 

compositions of siliceous aggregates.  The chemical reaction led to expansion which 

caused abnormal cracking and a loss in strength in the concrete (Stark, 2006).  This 

chemical reaction later came to be known as the alkali silica reaction (ASR), with the first 

published report on ASR appearing February 1940 (Stanton, 1940), illustrating that 

concrete produced with cement containing more than 0.60 % by mass alkalis (expressed 

as % Na2Oeq = % Na2O + 0.658 x % K2O) and high levels of opaline siliceous aggregate 

exhibited high levels of ASR expansion. 

 

By the 1940’s the detection of ASR had spread to most of the United States, and in 

response, long-term programmes investigating ASR were carried out in countries 

including USA, England, Denmark, and Australia, to enable the development of suitable 

preventative measures, advance the understanding of the ASR reaction, and establish 

whether ASR was a structural risk or not (Idorn, 1997).   International Conferences on 

Alkali-Aggregate Reaction (ICAAR) began in 1974, leading modern ASR research and 

initiating debates between leading acadeamics on theories surrounding ASR, whilst also 

resolving some questions concerning the nature of the reaction and the mechanism that 

causes cracking of surrounding concrete (Hobbs, 1988). 

 

3.1.1 Chemistry and mechanism of the alkali silica reaction 

 

Various forms of silica (silicon oxide) tetrahedron may be found in natural aggregates, as 

shown in Figure 3.1, where four oxygen ions (O
2-

) are bonded to the central Si
4+

.  The 

repetition of the silica tetrahedron in an orientated three-dimensional space forms a 

crystalline silicate structure, such as quartz (SiO2), where each oxygen ion is bonded to 

two silicon ions to achieve electrical neutrality (Prezzi et al., 1997).  Such crystalline 

structures are chemically and mechanically stable, impermeable, and react only at the 

surface (Leming, 1996). Silica tetrahedra arranged in a random three-dimensional 

network without forming a regular structure, instead form amorphous silicates (non-

crystalline) (Prezzi et al., 1997).  Certain volcanic aggregates contain amorphous 
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materials formed by the rapid cooling of melted silica, preventing them from crystallizing.  

As a result, amorphous silica is more porous and has a greater surface area, with the level 

of chemical reactivity being dependant on how amorphous the silica is.  Some aggregates 

contain fine crystals of silica having large surface areas, such as chert, which are prone to 

ASR (Leming, 1996).        

 

 

Figure 3.1:  Tetrahedral structural unit of silica 

 

The alkali silica reaction is fundamentally an expansive reaction that occurs when 

reactive aggregates that contain amorphous or poorly crystalline silica come into contact 

with alkali and hydroxide ions in the concrete pore solution, producing an amorphous gel.  

By absorbing water, amorphous gel expands to a greater volume than that of the reacted 

products and if confined in the concrete matrix can generate stresses that can crack the 

concrete if larger in magnitude than the tensile strength of the concrete (Benmore and 

Monteiro, 2010).  As water is added to cement, alkalis as sodium and potassium are 

released into the pore solution.  The alkalis contribute initially to the high concentration 

of hydroxyl ions in solution, and later to the formation of the expansive alkali silicate gel.  

When amorphous silica is exposed to a strongly alkaline solution, an acid-base reaction 

between the hydroxyl ions in solution and the silica aggregates takes place, firstly with 

scission of the siloxane networks by OH
-
 ions to generate alkali silicate and silicic acid  

(Ichikawa and Miura, 2007), 
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where R
+
 denotes an alkali ion such as Na

+
 and K

+
.  The silicic acid is a weak acid and 

hence reacts immediately with OH
-
 to convert to alkali silicate,  

 

The resultant alkali silicate gel is hygroscopic and is expanded by hydration,  

 

 

with free water either being available from the hydration reaction with cement or 

externally from rain, snow, or condensed air moisture.  As shown in Figure 3.2, the 

reaction proceeds towards the centre of the reactive aggregate where the concentration of 

alkali ions and the degree of hydration decreases.  Highly hydrated mature alkali silicate 

is generated near the surface of the aggregate while part of the mature alkali silicate is 

dissolved into the pore solution, and less hydrated immature solid alkali silicate forms 

beneath the mature alkali silicate (Ichikawa, 2009).  

 

 

Figure 3.2:  Schematic representation of the mechanism of ASR in concrete (Ichikawa, 2009) 
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The consumption of OH
-
 ions by the mature alkali silicate induces gradual dissolution of 

Ca
2+

 from Ca(OH)2 (portlandite) into the pore solution, with Ca
2+ 

ions
 
eventually reacting 

with the mature alkali silicate on the surface and in the pore solution as: 

 

to form insoluble fragments (the reaction product has reduced volume) of calcium alkali 

silicate (similarly known and reported as calcium silicate hydrate with Ca/Si atomic ratios 

up to 1.3) which can fill pores to increase strength and reduce permeability of the 

concrete.  The immature alkali silicate beneath the mature alkali silicate slowly reacts 

with Ca
2+ 

ions to form a solid and tight reaction rim (shown in Figures 3.2 and 3.3) also 

composed of calcium alkali silicate (Ca/Si atomic ratio of ~ 0.25), which allows the 

penetration of alkaline solution and Ca
2+ 

ions (slower penetration than OH
-
) into the 

aggregate but not the extrusion of viscous hydrated alkali silicate from the aggregate.  

Newly formed alkali silicate in the aggregate is accumulated inside the reaction rim and 

finally released by cracking the aggregate and surrounding concrete matrix.  Cracking 

will only be initiated if the reaction rim is thick and tight enough for the alkali silicate to 

accumulate. 

 

 

Figure 3.3:  False colour elemental mapping for ASR-affected andesite (Ichikawa and Miura, 2007) 

 

Reaction rim 
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Three conditions must be present for the ASR reaction to proceed, which include reactive 

silica, moisture, and high pH.  Sufficient moisture will be available for expansion if the 

internal relative humidity of the concrete is at least 80%, referenced to concrete in a 

temperature range of 21 to 24
o
C.  Concrete exposed to dry, interior environments does not 

normally develop cracking from ASR, even though reactive silica and alkalis are present 

in the concrete (ACI Committee 221, 2008).  The hydroxyl ion concentration of the pore 

solution is mainly related to the cement content and cement alkali content (Na2Oeq), due 

to cement being the principal contributor of alkalis to concrete and hence cement with 

higher alkali contents produce larger expansions.  It is recommended to use cement with 

an alkali level of 0.60% when using potentially reactive aggregates, with the average 

alkali level of cements used in the United States and Canada being 0.55% (ACI 

Committee 221, 2008). 

 

3.1.2 Measuring the effects of the alkali silica reaction 

 

ASR may develop in hardened concrete with abnormal cracking developing depending on 

the design of the concrete structure, exposure conditions, reinforcement detail, and 

restraints. Characteristic features from ASR include reaction rims on the edges of 

aggregates, microcracks in the concrete, and ASR gel in the microcracks, with the 

greatest cracking due to ASR occurring in the direction of least resistance.  Macrocracks 

may develop on the concrete surface ranging in width between 0.1 and 10 mm (in 

extreme cases) (Hobbs, 1988).  Generally the best method to confirm whether ASR has 

developed is by evidence of ASR gel and the occurrence of associated distress, which is 

expansion from cracking (Stark, 2006). 

 

Various difficult, confusing, time-consuming and even inconclusive laboratory test 

methods are available to identify alkali-reactive aggregates and test for their potential for 

deleterious expansion in concrete, which provide the only way to assess an aggregate 

prior to use in concrete construction (Byars et al., 2004).  Common test methods include 

petrographic examination of the aggregate, chemical tests, accelerated mortar bar tests, 

and concrete prism tests, with a summary of common ASR-related American Society for 

Testing and Material (ASTM) test methods shown in Table 3.1 below. 
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Table 3.1:  Aggregate tests for identifying ASR reactivity (Touma, 2000) 

 

 

Petrographic analysis involves a visual assessment of the constituents contained in the 

aggregate to determine whether the aggregate will be reactive or not, with further analysis 

generally required for an aggregate if silica is present (Idorn, 1997).   Mortar bar and 

concrete tests involve casting specimens and measuring their length at regular intervals 

with variables prescribed including temperature, humidity, alkali level, and time duration, 
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with limits on expansion to conclude if the aggregate is potentially reactive.  Berube and 

Fournier (1993) have reported that generally in order to predict how an aggregate will 

perform in the field after many years, at least one of the following variables must be 

increased in the test method: 

 

1. Alkali concentration:  by using high-alkali cement or by immersion of specimens 

into an alkaline solution. 

2. Humidity:  either 100% RH or immersion of specimen into water. 

3. Temperature:  up to 38 
o
C or 80 

o
C. 

 

In the case of concrete structures possibly affected by ASR, only a limited range of test 

methods have been documented thus far, with inconclusive effectiveness.  For example 

visual inspection will remain a surface investigation and is primarily qualitative and also 

depends on the experience and skills of the investigator.  Regarding non-destructive 

techniques, little information exists on the application of non-destructive techniques on 

ASR in the field (Ballivy et al., 2010).  However Thomas et al. (2011) established 

exposure sites to evaluate the performance of large concrete blocks produced with a wide 

range of materials and exposed to natural weathering, which provide valuable information 

on the performance of ASR preventitive measure for bench-marking the performance of 

accelerated short-term ASR laboratory tests. 

 

3.1.3 The pozzolanic reaction 

 

The degree of expansion in concrete due to ASR depends on the number and size of 

aggregates containing reactive silica, and as mentioned earlier in section 3.1.1 also 

depends on the chemistry of ASR.  There must be sufficient silica in the aggregate 

particle to react with the alkali hydroxides for expansion of the alkali silicate gel to occur 

and the reaction rim and aggregate to fracture.   

 

If alkali hydroxide is continuously supplied from the outside of the concrete, then by 

initially increasing the proportion of reactive aggregate there will be an increase in the 

amount of aggregates that crack by the formation and accumulation of alkali silicate and 

hence increase ASR expansion.  However if the proportion of reactive aggregate is further 
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increased, the amount of mature alkali silicate and fragmental calcium silicate hydrate (C-

S-H) will increase, and hence the formation of reaction rims (beneath the fragments of C-

S-H) becomes difficult due to most of the Ca
2+

 ions being consumed by the reaction with 

the mature alkali silicate.  If you envision that the amount of alkali hydroxide is limited, 

then initially increasing the proportion of reactive aggregate will result in an increase in 

the amount of aggregates with enough alkali silicate to crack the aggregate and hence 

increase ASR expansion.  However if the proportion of reactive aggregate is further 

increased, the amount of alkali hydroxide per aggregate particle decreases, which reduces 

the amount of alkali silicate that can form in each particle and hence prevents cracking of 

the particle.  Thereby the expansion will reduce after passing a pessimum proportion in 

both cases mentioned (Ichikawa, 2009).   

 

Reactive silica aggregates will not cause ASR if they are entirely consumed into 

fragmental C-S-H before the formation of a thick enough reaction rim and the 

accumulation of alkali silicate gel.  Hence if a reactive aggregate is finely divided, all the 

reactive silica will react with the alkali hydroxide and totally precipitate prior to the 

formation of a reaction rim (which would allow the accumulation of swellable alkali 

silicate), as illustrated in Figure 3.4 below. 

 

 

(a) Coarse reactive particle   (b) Fine reactive particle 

 

Figure 3.4:  Precipitation of C-S-H (Idir et al, 2011) 

 

The proportion and size effects of reactive particles indicate that the addition of a finely 

divided siliceous material at an amount greater than the pessimum proportion would 

possibly suppress ASR.  Due to the large surface area of fine particles, they react with 

alkali hydroxides to convert to mature alkali silicate which further reacts with the Ca
2+
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from the Ca(OH)2 to prevent reaction rims forming around less reactive larger aggregates 

and inhibiting ASR, which forms the basis of the pozzolanic reaction, with the finely 

divided siliceous material known as the pozzolan (Ichikawa, 2009).  The main difference 

between the pozzolanic reaction and ASR is that the alkali silica gel that forms and 

subsequently converts to C-S-H is distributed throughout the concrete matrix, whereas 

larger reactive aggregates lead to the accumulation of large deposits of alkali silica gel in 

discrete locations which can become sites of expansion (Thomas, 2011) and that 

pozzolanic hydrates have a higher calcium content than ASR gels (Idir et al., 2011). 

 

Pozzolanic materials that have been researched for their ability to mitigate ASR include 

fly ash, silica fume, and ground granulated blast-furnace slag, which are also commonly 

known as supplementary cementitious materials (SCM’s), and are generally used to 

partially replace cement.  The incorporation of SCM’s reduces the availability of alkalis 

in the pore solution of the concrete, even though all SCM’s contain some alkali and some 

SCM’s even contain significantly more than the cement they replace.  However the 

binding of alkali by the SCM hydrates (especially C-S-H) depends on the calcium/silica 

ratio, with C-S-H having a lower Ca/Si ratio and therefore being able to retain and bind 

more alkali compared to hydrates having greater Ca/Si ratios, as shown in Figure 3.5.   

 

 

Figure 3.5:  Composition of hydrates produced by the reaction of glass in C3S-KOH solution (Idir et 

al., 2011) 
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The differences in alkali binding depend on the surface charge on the C-S-H, which is 

dependent on the Ca/Si ratio.  At high Ca/Si ratios, the charge is positive and the C-S-H 

tends to repel cations (alkalis containing Na
+
 and K

+
), whereas at low ratios (e.g. less than 

1.3) the positive charge reduces and becomes negative, which has an increased capacity 

to sorb cations and especially alkalis (Thomas, 2011).  Examples of commonly used 

SCM’s include: 

 

Fly ash – Also known as pulverised-fuel ash, there have been literally hundreds of articles 

published dealing with the effect of fly ash on ASR, and by now it is generally accepted 

that fly ash is effective against ASR (Thomas et al., 2011).  However many aspects of the 

performance of fly ash in concrete are known to be related to its calcium content, and to 

reflect this, the Canadian Standard for fly ash, CSA A23.5, now classifies fly ash into low 

calcium (Type F, CaO  < 8%), medium calcium (Type CI, 8 % < CaO  < 20%), and high 

calcium (Type CH, CaO > 20%) (Thomas et al., 1999). 

 

Ground granulated blast-furnace slag (GGBS) - A by-product of the iron industry, 

usually greater amounts of GGBS are required to effectively reduce ASR, with up to 50% 

cement replacement reported (Duchesne and Berube, 2001, Freitag et al., 2003, and  Dhir 

et al., 2009), although high levels are offset with GGBS being semi-hydraulic, so it will 

act as a cement as well as an SCM (Freitag et al, 2003).   

 

Microsilica – Also known as silica fume, this is a highly reactive natural amorphous silica 

pozzolan which is unique to the central North Island region of New Zealand and is 

accepted for use in concrete, and with adequate processing to control its particle size it 

can be effective in reducing ASR expansion (West, 1996 and Freitag et al., 2003).  

Shayan and Xu (2004) used 5% microsilica to replace cement and effectively reduce ASR 

expansion using the ASTM C 1260 test method, while  Byars et al. (2004) used 10% 

microsilica to replace cement to reduce expansion of mortar also using ASTM C 1260.  

Freitag et al. (2003) recommended using at least 8% microsilica to replace cement to 

ensure minimising ASR damage.  
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3.1.4 Alkali silica reaction in New Zealand 

 

As early as 1943, New Zealand was aware of the ASR risk in USA, and engineers from 

the New Zealand Public Works Department (PWD) were seconded to the USA prior to 

constructing a hydroelectric power station in the Waikato River valley, as some of the 

reactive volcanic aggregates used in the USA are similar to those found in the Waikato 

River valley in New Zealand, with volcanic aggregates being the most abundant 

aggregate type in New Zealand (Freitag et al., 2003).  As early as 1947 the PWD were 

advised to not use cement containing more than 0.60% alkalis (Na2Oeq) with reactive 

aggregates (Langbein, 1947).  Between the 1960’s and 1980’s, petrographic techniques 

for the analysis of hardened concrete undergoing ASR were developed and a database of 

“reactive” and “non-reactive” aggregates was established.  Since the 1980’s extensive 

work has been undertaken to inspect ASR in New Zealand’s structures with only minor 

damage observed in most cases, with damage usually confined to concrete where one or 

more sides are exposed to moisture, and most cases of ASR showed external symptoms 

within ten years and signs of reaction within five years (Freitag et al., 2003). 

 

The TR3 (Freitag et al., 2003) reported that most cases of ASR in New Zealand had 

differed from the effects of the ASR reaction that was observed overseas.  For example 

freeze-thaw damage is rare in New Zealand apart from in some elevated and inland areas, 

and hence the expansive freezing of water percolating into cracks of concrete undergoing 

ASR has not been observed in New Zealand, and similary the use of de-icing salts in New 

Zealand is rare, so ASR is not accelerated by an external source of alkali.  Serious 

condensation on the surface of concrete structures which could accelerate ASR is 

prevented in New Zealand due to wind and humidity conditions, and the principal reason 

for the low incidence of ASR damage in New Zealand has been the manufacture and use 

of low alkali cement since the 1970’s with alkali contents less than 0.60% Na2O 

equivalent (Freitag et al., 2003).      

 

3.2 Glass aggregate and the alkali silica reaction 

 

While the reactivity of many natural aggregates is often subject to uncertainty, the high 

reactivity of glass has been known ever since coarse glass was first reportedly used in 
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concrete in 1974 (Johnston, 1974), where the use of coarse glass aggregates caused 

considerable expansion and cracking, and ever since has been the main hindrance for the 

use of glass in concrete.  The expansion will depend firstly on what type of glass is used, 

whether it is consumer soda-lime glass typically used in bottles, boro-silicate glass used 

in pharmecuetical containers, or lead-silicate glass coming from the production of 

tableware and home decor items, and hence its composition will have an effect on the 

expansion as reported by Saccini and Bignozzi (2010), where they demonstrated 

according to ASTM C 1260 and ASTM C 1293 that lead-silicate (CR) glass and boro-

silicate (uncoloured (BS-U), and amber (BS-A)) glass expand more than soda-lime (SL) 

glass, as shown in Figure 3.6 below.  Reference should be made to Table 3.1 which 

explains each test.  Expansion is not directly linked to the silica content of the glass, and 

other elements contained within the glass must be taken into account when assessing the 

ASR reactivity of glass (Saccini and Bignozzi, 2010). 

 

 

(a) Expansion at 14 days using                            (b)  Expansion vs. time using a test similar to 

ASTM C 1260     ASTM C 1293 

 

Figure 3.6:  Mortar bar expansion using different types of glass (Saccini and Bignozzi, 2010) 

 

3.2.1 Glass particle size 

 

Glass particle size is another important parameter, as illustrated earlier in section 3.1.3 

with regards to the pozzolanic reaction of reactive silica particles.  The influence of glass 

particle size on ASR has been widely investigated.  Jin et al. (2000) reported that glass 

particles in the size range of 1.18 - 2.36 mm produced the worst expansions (pessimum 
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size) and that particles less than 0.3 mm showed safe ASR performance (no expansion), 

with agreement from Bazant et al. (1998) who found that glass particles sizes of about 

1.5 mm caused excessive expansion whereas particles less than 0.25 mm caused no 

expansion in laboratory tests on concrete.  Dyer and Dhir (2001) reported that particles 

sizes between 0.6 - 1.2 mm produced the largest expansion, while Dhir et al. (2009) 

suggested that coarse glass particles cause greater ASR expansion than fine glass particles 

because coarse glass particles contain wider pre-exsting cracks and hence allow the 

penetration of more alkali pore fluid and diffusion of hydroxyl ions to the interior of the 

glass particles. 

 

Corinaldesi et al. (2005) reported that no ASR has been detected with particle sizes up to 

100 µm, reflecting the feasibility of using glass as a fine aggregate in mortar and concrete, 

and Metwally (2007) also tested glass powder less than 45 µm in mortar bars replacing up 

to 20% cement, with no indication of deleterious expansion.  Lastly, Rajabipour et al. 

(2010) used a scanning electron microscope and mortar bar expansions to suggest that 

even glass sand up to 0.6 mm does not produce deleterious ASR expansion. 

 

3.2.2 Pozzolanic properties of glass powder 

 

The ASR features of concrete containing waste glass as a cementing material has gained 

more interest due to the potential pozzolanic activity of glass powder.  Shao et al.  (2000) 

used finely ground glass to partially replace cement and showed that glass with a particle 

size less than 38 µm exhibited pozzolanic behaviour, which was confirmed by Caijun et 

al. (2005) who studied the pozzolanic activity of glass powder and showed that finely 

ground glass powder exhibited high pozzolanic activity, and higher pozzolanic activity 

with increased fineness of the glass powder.  The pozzolanic effect of glass powder was 

further confirmed by Idir et al. (2011) who noticed a transition fineness at about 140 µm 

for which the pozzolanic activity becomes substantial.  Metwally (2007) reported that if 

waste glass is powdered more finely than 45 µm, it is considered a pozzolanic material 

according to ASTM C 618 (ASTM International, 2008) with respect to chemical 

composition, physical properties and strength activity index, and has pozzolanic activity 

with lime according to ASTM C 593 (ASTM International, 2006).  Shao et al. (2000) and  

Ismail and Al-Hashimi (2009) suggested that glass powder can be considered as a good 
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pozzolanic material and is effective at both enhancing the strength of concrete, and 

reducing ASR expansion, by consuming lime and reducing available alkali, which was 

also proven by Shayan and  Xu (2004) who showed that an increase in the replacement of 

cement with glass powder further decreased ASR expansion.    

 

3.2.3 Effect of glass content 

 

Studies (Jin et al., 2000, and Topcu and Canbaz, 2004) have generally not concluded a 

pessimum content for the ASR reactivity of glass and instead have concluded that the 

expansion will increase with glass content as shown in Figure 3.7.  However Jin et al. 

(2000) have reported that literature on the pessimum content effect of aggregates is 

inconclusive as accelerated test methods such as ASTM C 1260 are generally used, which 

specifies that mortar bars are to be immersed in a 1 mol NaOH solution and hence the 

supply of alkali is unlimited, which means that no pessimum effect is supposed to exist in 

such accelerated tests.  However a pessimum effect will be observed in a test such as 

ASTM C 227 where the supply of alkalis is fixed.  Park et al. (2004) also mentioned that 

by using the ASTM C 1260 test, a pessimum content was not observed, which is 

considered to be due to the unlimited supply of alkali in the NaOH solution.  Zhu et al. 

(2009) concluded that the ASTM C 1260 test method has generally been used to assess 

the ASR reactivity of glass aggregate, mainly because it gives rapid, repeatable results on 

relatively small samples, while the ASTM C 227 test method has been used less on glass 

in concrete because of its disadvantages such as a long curing period and low reliability 

for slow expansive aggregates. 

 

 

Figure 3.7:  Effect of glass content on ASR expansion using clear soda-lime glass (Jin et al., 2000) 



Chapter 3:  Crushed waste glass in concrete 

54 

 

 

3.2.4 Effect of glass colour 

 

The colour of glass is another factor that can influence the rate of ASR in concrete.  The 

colour of glass is normally obtained by adding certain oxides to the glass melt during 

production, with Fe2O3 added for amber colour and Cr2O3 added to attain a green colour 

(Jin et al., 2000).  Jin et al. (2000) reported that clear glass causes the most expansion 

while amber glass is considerably less reactive with a different pessimum size compared 

to clear glass.  Green glass was not only not reactive but also reduced expansion with the 

potential of being an inexpensive ASR suppressant, thought to be due to the Cr2O3 in the 

green glass, and hence the gel containing Cr
3+

 appears to be less reactive.   Similarly, 

Park et al. (2004) also reported that green glass showed less expansion than amber glass, 

due to the Cr2O3, while different results were reported by Ozkan and Yuksel (2008) who 

found that ASR expansion was insensitive to glass colour.   

 

3.2.5 Morphology of the glass alkali silica reaction 

 

Using a scanning electron microscope (SEM) equipped with x-ray energy dispersive 

spectroscopy (EDS), Rajabipour et al. (2010) monitered the formation of ASR gel from 

glass particles in mortar bars, and found that the ASR gel forms around and within glass 

particles, similary shown in Figure 3.8, and that the swelling of the gel inside the glass 

particles produces wedging stresses that propogate cracks within the cement paste having 

the same orientation as the gel-filled cracks inside the glass.  With time cracks are 

intruded with the ASR gel.  At the glass-paste interface a diffuse layer of C-S-H type 

material forms, similar to the fragmental C-S-H reported earlier in section 3.1.1 and as 

shown in Figure 3.9, has a composition that is considerably different than the ASR gel 

that forms within glass particles, with the Na2O content and SiO2/CaO ratio being 

significantly lower in the C-S-H layer.  Because the C-S-H layer has a lower SiO2/CaO 

ratio than the ASR gel, it does not produce swelling and cracking as extensive as the ASR 

gel in the glass particle (Dhir et al., 2009), which is also in agreement with the findings of  

Diamond (2000) who suggested that reaction products with a low SiO2/CaO ratio have 

limited to no swelling capacity, while this aspect of the SiO2/CaO ratio was also reported 

earlier in section 3.1.3.       
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Figure 3.8:  Microscope image of concrete containing green glass (Dhir et al., 2009) 

 

 

 

Figure 3.9:  SEM micrograph of a glass particle in a mortar bar (Dhir et al., 2009) 

 

Idir et al. (2011) reported that coarse glass particles gave two types of hydrates when 

attacked by hydroxyl ions: hydrates which were detached from the glass grains 

(precipitates) which were composed of C-S-H with relatively high Ca/Si ratio, and 

hydrates which formed a reaction ring around the glass grains and can be regarded as the 

alkali silica gel, containing lower amounts of calcium.  
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3.3 Properties of concrete containing glass 

 

Efforts have been made in the concrete industry to use waste glass as a partial 

replacement for aggregates or cement, with work using crushed waste glass as a concrete 

aggregate first being published in 1974 (Johnston, 1974).  Due to the strong reaction 

between the alkali in the cement and the reactive silica in the glass, the use of glass in 

concrete has been found to be not satisfactory due to excessive expansion and strength 

loss (Taha and Nounu, 2008).  The initiation of the alkali silica reaction will depend on 

whether the glass is replacing cement, fine, and/or coarse aggregate, the proportion of 

replacement, and the properties of the glass such as particle size and chemical 

composition, and hence there are considerably varying results reported in literature on the 

properties of concrete utilising waste glass.  The particle size ranges for coarse glass 

aggregate, fine glass aggregate, and glass powder are approximately 4.75 - 16 mm, 0.15 - 

4.75 mm, and < 150 µm respectively.   

 

3.3.1 Coarse crushed glass replacing coarse aggregate 

 

Fresh properties 

 

An extensive study on replacing coarse aggregates with glass was reported by Topcu and 

Canbaz (2004), where crushed green soda glass was reduced to 4 - 16 mm to replace 

coarse aggregate in proportions of 0 - 60%.  Topcu and Canbaz reported that the unit 

weight of concrete made with glass aggregate is generally lower than that of concrete 

made without glass aggregate due to the glass having a lower specific gravity than general 

rock, which is also in agreement with test results of Kisacik (2002).  Using a high 

proportion of glass reduced the slump by as much as 20%, due to the fact that crushed 

waste glass has poor geometry when compared to natural aggregates used in conventional 

concrete, which is also supported by the Kisacik study which reported the slump to 

reduce by up to 2% while the air content was 0.4 - 0.7%.  A high proportion of waste 

glass addition unevenly decreased air content by as much as 27%.  The low air content in 

concrete containing a high proportion of waste glass was thought to be due to the smooth 

surface of waste glass, which helps decrease porosity between waste glass and the cement 

paste.  
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Hardened properties 

 

The findings from Topcu and Canbaz (2004) showed that the compressive strength of 

concrete decreases with the addition of waste glass.  They reported that the compressive 

strength decreased by 8% with 15% glass addition, and by 15% with 30% addition, which 

was thought to be due to the high brittleness of glass leading to cracks which lead to 

incomplete adhesion between the waste glass and cement paste, while the poor geometry 

and reduced specific gravity led to a heterogenous distribution of aggregates.  Kisacik’s 

(2002) research showed that when waste glass was used, flexural strength decreased by as 

much as 8%, and indirect tensile strength decreased by 2%, while Topcu and Canbaz 

(2004) found that the flexural strength decreased by 2%, while the indirect tensile 

strength decreased by 37% with 60% addition.  

 

3.3.2 Fine crushed glass replacing sand 

 

Shayan and Xu (2006) investigated the performance of crushed glass sand at various 

proportions (40%, 50%, and 75%) as sand replacement in a field trial using a 40 MPa 

concrete mixture.  Ismail and Al-Hashimi (2009) investigated the properties of concrete 

containing waste glass as a partial replacement for sand at 10%, 15%, and 20%.  Taha and 

Nounu (2008) studied the feasibility of mixed colour recycled glass sand in concrete at 

levels of 50% and 100% sand replacement.  Lastly, Park et al. (2004) conducted 

experimental research to analyse the possibilities of recycling different colours of soda-

lime glass as fine aggregate in concrete at replacement ratios of 30%, 50%, and 70%, with 

the addition of Styrene-butadene rubber (SBR) latex.  In all the aforementioned studies, 

coarse and fine natural aggregates were used in the concrete mixes.    

 

Fresh properties 

 

Shayan and Xu (2006) showed that the replacement of sand with crushed glass did not 

influence the slump, wheras Ismail and Al-Hashimi (2009) reported slump values of 

7.5 cm, 5.75 cm, 5.25 cm, and 5.0 cm for specimens made up of 0%, 10%, 15%, and 20% 

waste glass replacement of sand, which demonstrated the tendency of the slump to 
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decrease as the waste glass ratio increases, related to the poor geometry of the waste glass 

resulting in lesser fluidity of the mixes as well as a reduction in the fineness modulus.  

Park et al. (2004) also reported that the slump decreased by 19.6 - 26.9%, 30.1 - 34.6%, 

and 38.5 - 44.3% for mixing ratios of waste glass aggregate of 30%, 50%, and 70% 

respectively.  Findings from Taha and Nounu (2008) confirmed that the slump is reduced 

as the content of recycled glass sand is increased due to the sharp edges, harsh texture, 

and lack of fines in recycled glass sand. 

 

Park et al. (2004) investigated concrete containing waste glass with an input ratio of 30%, 

50%, and 70%, and recorded 12.2 - 21.6%, 23.7 - 30.4%, and 30.6 - 41.4% increase in air 

content respectively, due to the irregular shape of the glass particles and a larger relative 

surface area that maintained more air when compared to conventional concrete 

aggregates.  Taha and Nounu (2008) reported severe bleeding and segregation which 

resulted from the inherent smooth surface and low water absorption of recycled glass 

sand, and a reduction in wet density due to the lower density of recycled glass sand when 

compared to natural sand. 

 

Hardened properties 

 

Taha and Nounu (2008) reported that there was no noticeable change in the compressive 

strength of concrete when recycled glass sand was used to replace natural sand.  Park et 

al. (2004) reported that four-week old concrete mixes with mixing ratios of 30%, 50%, 

and 70% glass displayed a reduction in compressive strength, showing 99.4%, 90.2%, 

86.4% of the compressive strength of conventional concrete respectively, while this 

tendency towards a decrease in compressive strength with an increase in mixing ratio was 

repeated at 13 weeks.  Contrary to the aforementioned findings, Ismail and Al-Hashimi 

(2009) found all their waste glass concrete mixes (10%, 15%, and 20% waste glass) to 

show slightly improved compressive strength values when compared to the corresponding 

conventional concrete mixes, except for the 14-day concrete mixes.  The low compressive 

strength of the 14-day waste glass concrete mixes was attributed to the decrease in 

adhesive strength between the surface of the waste glass aggregates and the cement paste, 

whereas the pozzolanic reactions appeared to offset this trend at a later age of hardening 

and help to improve the compressive strength at 28 days.  The improvement in 
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compressive strength with the addition of glass in the study reported by Ismail and Al-

Hashimi (2009) was mainly due to the pozzolanic reaction, which is a result of the 

fineness modulus being greater in this study when compared to the fineness modulus used 

in other studies mentioned in this section. 

 

The flexural strength of concrete mixes containing finely crushed glass generally follows 

the compressive strength trend.  Park  et al. (2004) reported a decrease in flexural strength 

for mixing ratios of 30%, 50%, and 70%, of 96.8%, 88.7%, and 81.9% of the 

conventional concrete respectively, which is also in agreement with results from Taha and 

Nounu (2008).  Ismail and Al-Hashimi (2009) observed an improvement in flexural 

strength, with the 28-day flexural strength values having a tendency to increase by 3.57%, 

6.96%, and 11.20% as the waste glass content increased by 10%, 15%, and 20% 

respectively, showing that a pozzolanic reaction had taken place during this period of 

time.     

 

Shayan and Xu (2006) noted that the addition of recycled glass sand did not negatively 

affect the volume of permeable voids and chloride penetration, and did not have a 

negative effect on the drying shrinkage.  Taha and Nounu (2008) found that the amount of 

absorbed water in concrete was reduced as the content of recycled glass sand was 

increased, due to the negligible water absorption value of glass leading to a decrease in 

movement of moisture and ions inside the concrete.  Taha and Nounu (2008) concluded 

that the behaviour of hardened concrete when recycled glass sand is used depends on 

parameters including: 

 

 Contamination and the organic content in recycled glass sand, which may be 

considered as one of the most important parameters as organics degrade with time and 

create voids in the microstructure of concrete. 

 The inherent cracks in recycled glass sand particles due to the crushing process 

applied on waste glass, which can be considered a source of weakness. 

 The inherent smooth and plane surface of large recycled glass sand particles which 

may weaken the bond between the cement paste and glass particles.  
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3.3.3 Powdered glass replacing sand 

 

Due to glass being unstable in the alkaline environment of concrete, Shayan and Xu 

(2004) used this property to advantage by using glass powder (GLP) to study the effects 

of sand replacement by GLP on the strength of mortar cubes.  As shown in Figure 3.10 

below, the 28-day compressive strength increased as the level of sand replacement 

increased, confirming that the replacement is beneficial in terms of compressive strength, 

probably due to the improvement in particle packing as well as the pozzolanic reaction, 

with this positive trend continuing for up to 90 days.  Shayan and Xu (2004) concluded 

that 30% GLP can be incorporated as an aggregate replacement in concrete without any 

long-term detrimental effects. 

 

 

 

Figure 3.10:  Effect of GLP replacing sand on the 28-day compressive strength of mortar made with 

100% sand (Shayan and Xu, 2004) 

     

3.3.4 Powdered glass replacing cement 

 

Ozkan and Yuksel (2008) ground glass bottles to investigate the properties of cement-

based mortars produced with different coloured GLP’s (clear, green, and brown) 

replacing cement at levels of 10%, 30%, and 50%.  Metwally (2007) investigated using 

finely milled soda-lime glass from fluorescent lamps as a partial replacement for cement 

in concrete at various proportions up to a maximum of 20%, while Taha and Nounu 

(2008) studied the feasibility of GLP replacing 50% cement in concrete.  Lastly, Idir et al. 
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(2011) evaluated the properties of mortar made with bottle soda-lime GLP of different 

fineness to replace up to 40% cement.  

 

Fresh properties 

 

Taha and Nounu (2008) found that the fresh properties of concrete were enhanced with 

the use of GLP, referring to improved consistency and workability and reduced bleeding 

and segregation, due to the texture and shape properties of glass particles.  However the 

wet density of the concrete with GLP was reduced due to the lower density of GLP when 

compared to cement.  On the contrary, Metwally (2007) demonstrated that increasing the 

proportion of GLP causes a loss in workability and reduction in slump of up to 45% for 

20% cement replacement with GLP, although Metwally (2007) did use finer GLP than 

Taha and Nounu (2008), resulting in a higher surface area which required more water to 

achieve similar workability.    

 

Hardened properties 

 

Ozkan and Yuksel (2008) reported that the compressive strength generally decreased as 

the replacement value of cement with GLP increased, as shown in Figure 3.11.  The 

results show that early strength losses are relatively higher than the strength measured at 

28 days, while there was no significant difference in strength between the different 

coloured GLP mortars.  Idir et al. (2011) found that the strength of mortar containing 

GLP depended on the GLP fineness and GLP content, with higher strengths obtained for 

smaller particles (greater fineness) and sometimes exceeding those of the reference 

specimens with no GLP.  However the general trend is a decrease in compressive strength 

with the replacement of cement, with GLP principally due to a cement dilution effect.  

Taha and Nounu (2008) also observed the 28-day compressive strength to decrease by up 

to 16% in concrete that utilised 20% GLP replacing cement, simply due to a change in the 

nature of the hydration products and C-S-H gel.  Metwally (2007) found that using up to 

20% GLP to replace cement caused a reduction in compressive strength, although after 28 

days, there was an increase in compressive strength due to pozzolanic activity, with mixes 

containing 5 and 10% GLP being about 1.12 and 1.17 times respectively the strength of 

the control specimens with 100% OPC.  Idir et al. (2011) also noted that significant 
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pozzolanic activity developed over time with finer GLP, highlighted by an increase in 

relative strength with hydration time.     

 

 

       (a) 7-day compressive strength       (b) 28-day compressive strength 

 

Figure 3.11:  Relative compressive strengths with different ratios of GLP (Ozkan and Yuksel, 2008). 

 

In addition to compressive strength, Metwally (2007) noted that the 28-day tensile 

strength increased by 10% with the addition of 10% GLP, due to the C-S-H gel that 

formed between the GLP and Ca(OH)2 increasing the interfacial bond strength between 

the cement paste and aggregates.  There was a negligible effect on tensile strength when 

20% GLP replaced cement, which is in agreement with results reported by Taha and 

Nounu (2008), where the replacement of cement with 20% GLP had a negligible effect on 

the 28 day tensile strength and modulus of elasticity, but increased the water absorption 

demand on concrete due to the nature of the microstructure and hydration products. 

 

Ozkan and Yuksel (2008) tested the durability of mortar containing GLP, and found a 

decreasing trend in the residual compressive strength of mortar specimens exposed to 

NaCl (sodium chloride) and MgSO4 (magnesium sulphate) as the replacement ratio 

increased, with magnesium sulphate decomposing C-S-H gel into a non-cementitious M-

S-H (magnesium silica hydrate) gel with negligible strength. There was an increasing 

trend in residual compressive strength of mortar specimens exposed to Na2SO4 (sodium 

sulphate).   
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3.4 Conclusions 

 

An extensive literature review was presented on the use of crushed waste glass in 

concrete.  The mechanism and effects of the alkali silica reaction (ASR) on the properties 

of concrete utilising glass have been comprehensively studied through experimental 

testing.  Currently the percentage utilisation of waste glass in concrete is not at a desired 

level, due to the lack of concrete applications undertaken utilising waste glass, such as 

footpaths, and in particular long-term observations on performance characteristics such as 

concrete durability and the alkali-silica reaction.   

   

Research has shown that due to the strong reaction between the alkali in the cement and 

the reactive silica in the glass, the use of glass in concrete has been previously found to 

not be satisfactory due to excessive expansion and strength loss.  It was established that 

ASR gel forms around and within glass particles, and that the swelling of the gel inside 

the glass particles produces wedging stresses that propogate cracks within the cement 

paste having the same orientation as the gel-filled cracks inside the glass, and that with 

time the ASR gel intrudes into these cracks.  Coarse glass particles formed two types of 

hydrates when attacked by hydroxyl ions: hydrates which were detached from the glass 

grains (precipitates) which were composed of C-S-H with a relatively high Ca/Si ratio; 

and hydrates which formed a reaction ring around the glass grains and can be regarded as 

the ASR gel, containing lower amounts of calcium.  Coarse glass particles cause greater 

ASR expansion than fine glass particles because coarse glass particles contain wider pre-

exsting cracks and hence allow the penetration of more pore fluid and therefore greater 

diffusion of hydroxyl ions to the interior of the glass particles.   

 

The properties of concrete containing waste glass will depend on whether the glass is 

replacing cement, fine, and/or coarse natural aggregate, the proportion of replacement, 

and the properties of the glass such as particle size and chemical composition, and hence 

previously published results on the use of waste glass in concrete have varied 

considerably.   
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CHAPTER 4 

WASTE PAINT AS AN ADMIXTURE 

IN CONCRETE 

 

 

 

 

 

 

 

A significant volume of waste latex paint (WLP) exists in New Zealand, with the rate of 

supply rapidly growing, prompting an investigation into the use of waste latex paint as a 

polymeric admixture in concrete due to similarities in chemical compositions of WLP and 

polymeric admixtures. The objective of this study was to produce concrete for use as 

blockfill and capable of maintaining or improving the properties of the hardened material 

whilst increasing the efficiency of the construction process. The optimum dosage to 

achieve the required strength and workability was found to be approximately 12% 

replacement of mix water with WLP, while the Modulus of Elasticity was found to be a 

function of compressive strength. Rheological testing indicated that regardless of paint 

concentration, the yield stress of the blockfill increased whilst the viscosity and 

separation rate decreased. It was established that WLP was a suitable replacement for 

conventional admixtures in concrete masonry blockfill, resulting in maintained strength 

and improved workability. 
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4.1 Introduction 

 

The properties of polymer-modified concrete depend specifically on the polymer content 

or mass based polymer-cement (p/c) ratio, rather than the water-cement (w/c) ratio used 

when assessing ordinary cement concrete (Ohama, 1998). Although polymer-

based/polymeric admixtures in many forms are used in cementitious composites such as 

concrete, it is important to ensure that both cement hydration and polymer film formation 

proceeds in order to yield a monolithic matrix phase with a network structure in which the 

cement hydrate phase and polymer phase interpenetrate (Van Gemert et al., 2005). It is 

the formation of such a co-matrix phase that results in superior properties when compared 

with conventional cementitious materials. The fresh and hardened properties of polymer-

modified concrete are markedly improved over those found in conventional mix designs 

and are affected by a range of factors such as polymer type, polymer-cement ratio, water-

cement ratio, air content and curing conditions. All of these factors can be controlled to 

manufacture the targeted properties. 

 

Waste paint is a valuable resource, which is currently being disposed of in landfills at a 

substantial economic and environmental cost. This waste paint, which includes all latex 

varieties available in New Zealand, exhibits many properties that are similar to polymeric 

admixtures used in concrete production.  Polymers make up the majority of the solid mass 

in paint, while polymeric admixtures have been an active ingredient in the modification of 

cementitious applications for well over 70 years. Polymeric admixtures are used in 

concrete production to increase the matrix bond between cement and aggregate and to 

increase the workability and flow of cementitious materials, but they are often too 

expensive for many applications. 

 

The objective of this study was to investigate the use of WLP as an admixture in masonry 

blockfill, recognising that one of the primary advantages of polymer-modified concrete is 

increased workability and improved filling of masonry units (Ohama, 1998). The 

improvement in workability enables settlement of the blockfill around congested 

reinforcement and small void areas, and reduces the need for compaction and vibration, 

resulting in faster, cheaper, and safer construction. 
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Paint is made up of numerous fine and ultra-fine particles, in the range of 0.1 µm to 

10 µm. The addition of fine particles and the application of particle packing theory allows 

concrete to be manufactured using poorly shaped or poorly graded sand and aggregates 

while still producing workable concrete.  Because high strength concrete can be produced 

by incorporating large amounts of ultrafine fillers with reduced cement content, it was 

identified that a potential opportunity existed for saving cement by using waste paint as a 

polymeric admixture, with a resultant decrease in the production of carbon dioxide 

(Lagerblad, 2003).  

 

Recycled WLP was used in urban concrete sidewalks in Ontario, Canada (Nehdi and 

Sumner, 2003), where it was determined that the waste paint contributed in a similar form 

to virgin latex by exhibiting the same advantages in cementitious materials, such as 

increasing flexural strength and decreasing chloride ion penetrability. A field 

demonstration sidewalk that was modified with WLP exhibited enhanced workability and 

finishing, and better durability to surface scaling and aggregate pop out.  

 

A large number of constituents are included across the paint varieties available from New 

Zealand paint producers. The primary constituents expected to occur in high volume 

were; 

Polymers - The continuous phase of latex paint is primarily made of polymer. This 

phase carries and then binds the other components of the paint such as the pigments and 

extenders, and then provides the continuous film forming component of the coating. 

Emulsion polymers are common in paint and are usually made up of water, monomers 

and surfactants (Steward et al., 2000). 

Surfactants - A surfactant or surface active agent is a substance that reduces the 

surface tension of a liquid. Surfactants are chemicals whose molecules have two parts of 

widely differing polarity and solubility (Porterm, 1994). The nature and proportions of the 

two parts of the molecule will vary between applications (Turner, 1988). 

Foam Controllers - Antifoams or defoamers are active in paint to control foaming, 

which is an unwanted product of surfactants. The terms are not synonymous, as antifoam 

prevents the build-up of foam, whereas defoamers cause the collapse of foam which has 

already formed. These constituents are present in waste paint, as foaming of the paint is 

not desirable for its application.  
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Titanium dioxide - Titanium dioxide is the primary white pigment used by the 

paint industry as it is the only pigment (other than zinc oxide) that is non toxic and easily 

obtainable. It is a transparent particle, yet appears white because of the small particle size 

which causes light to be scattered back, and thus the eye receives the whole spectrum of 

light [8]. Titanium dioxide was expected to not have any substantial chemical effect on 

cement. 

Thickeners - Thickening agents are active in paint to control consistency and 

ensure that workability is maintained during storage and application.  

 

A standard chemical admixture as used by a New Zealand ready mix concrete supplier for 

the production of standard 17.5 MPa blockfill is a non-retarding, non-chloride, water 

reducing, strength enhancing admixture made up of two key ingredients, being calcium 

lignosulfonate and triethanolamine (BASF, 2006). Calcium lignosulfonate is an anionic 

polymeric surfactant which primarily acts as a water reducer or wetting agent, and is 

active at the interfaces of the water/air and water/particle surface, causing a decrease in 

the surface tension within the system, which results in an increased flow and spread of 

water across all surfaces, thus reducing the demand for water. Calcium lignosulfonate 

also works as a retarder which prolongs the cement hydration process, ultimately 

increasing the compressive strength (Griersona et al., 2005). Triethanolamine is an 

organic chemical compound which serves two purposes within the admixture. Its primary 

purpose is as a pH balancer to increase the pH of a mixture, but it also helps to keep the 

lignosulfonate in its charged (active) form. A second chemical admixture also used in the 

production of blockfill is an air entrainer, composed primarily of an alkyl benzene 

sulfonic acid surfactant in order to stabilize the entrained air (BASF, 2006a).  

 

From an assessment of the active chemicals in paint, and the standard chemicals presently 

used within blockfill, conclusions can be developed regarding the conceptual success of 

chemical replacement using WLP. A primary ingredient in both conventional admixtures 

is surfactant, which covers a wide range of chemicals. Latex paint is almost always 

alkaline and contains amines similar to triethanolamine, as well as various other types of 

surfactant that are suitable for dispersing and stabilizing particles. Many of the chemicals 

present in the paint will be inactive as a concrete admixture as they are present in minor 

concentrations that are only sufficient to serve their purpose when added to paint, whilst 
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other chemicals are free to interact with cement. The polymers and surfactants found 

within WLP have the potential to simulate the action of the calcium lignosulfonate as a 

hydration retarder (Wang et al., 2005).  

 

In this study WLP was used as a partial replacement for mixing water, with testing 

completed in two stages: initially with the industry-recommended chemical admixtures to 

establish if waste latex paint is a suitable additive for a conventional blockfill mix; and 

then in the absence of these chemical admixtures, to understand the potential of WLP as a 

replacement for conventional chemical admixtures. Fresh concrete properties including 

in-depth rheology analysis, compressive strength, and flexural strength were evaluated for 

various blockfill mixtures and results are reported.  

 

4.2 Materials 

 

All materials used in the study corresponded to those found in a standard 17.5 MPa 

blockfill mix produced by a New Zealand ready-mix concrete plant, with a maximum 

aggregate size of 7 mm.  Sand and aggregate were collected directly from loading bins at 

the ready mix plant with moisture content noted and factored into the mix design, whilst 

the general purpose Portland cement was sourced directly from the cement manufacturer 

in Portland, Whangarei. The chemical composition and physical properties of the cement 

are presented in Tables 4.1 and 4.2 respectively.   The WLP used in this study was 

sourced from a paint collection program, with various samples of the waste paint obtained 

and analysed.  The obtained properties of this WLP are summarised in Table 4.3.   The 

paint had a mean density of 1.3 g/cm
3
 and was comprised of approximately 50% water, 

such that when water is replaced by WLP the w/c ratio is proportionally reduced. The 

remaining solid content of the paint was comprised of polymers and pigments, whose 

proportions vary significantly over time, but recognising that this paint was a non-

controlled waste product, the variation shown in Table 4.3 was considered acceptable. For 

the reference concrete, the admixtures used were Pozzolith 370C, which is a non-

retarding, non-chloride, water reducing strength enhancer and Micro Air, which is an 

anionic polymeric surfactant water reducer.  
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Table 4.1:  Chemical composition of cement 

Compounds     % (By weight) 

SiO2   22.8 

Al2O3   4.2 

Fe2O3   2.3 

CaO   64.8 

MgO   1.0 

Na2O   0.2 

K2O   0.5 

Free lime (CaO)   1.3 

    

Hypothetical Compounds   

Lime Saturation Factor  97.0 

C3S   68.0 

C2S   14.0 

C3A   7.0 

C4AF     7.0 

 

Table 4.2:  Physical properties of cement 

Properties         

Specific surface area (m
2
/kg)  343 

Initial setting time (min)  116 

Final setting time (hr:min)  3:18 

Soundness (mm)   1 

SO3 (%)    2.0 

Specific gravity (g/cm
3
)   3.15 

 

Table 4.3:  Typical constituents of WLP 

Sample Water (%) Polymers (%) Pigments (%) 

1 46.6 28.9 24.5 

2 47.9 22.5 29.6 

3 48.7 26.9 24.4 

4 47.1 28.8 24.1 

Average 47.6 26.8 25.6 

S.D 0.922 2.995 2.639 
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4.3 Experimental methods 

 

4.3.1 Optimal paint dosage 

 

Laboratory testing was completed to determine the optimal paint dosage for the target 

blockfill workability and strength properties, with a w/c ratio of 0.70 for the reference 

blockfill mixture. Ingredients were added and mixed with 80% of the mix water for 2 

minutes. WLP was then added with the remaining mix water, and mixed for 10 minutes. 

Testing was undertaken in accordance with the relevant standard NZS 3112:1986 (SNZ, 

1986). 

 

4.3.1.1 Stage one testing with the inclusion of conventional chemical 

admixtures 

 

Stage one testing consisted of nine 100 x 200 mm concrete cylinder samples, three 

100 x 100 x 350 mm flexural beams and three spread tests completed at 0%, 4%, 8%, 

12%, 16% and 20% Paint Replacement Of Water (PROW) by mass, whilst retaining the 

chemical admixtures (discussed earlier in Section 4.2) ordinarily used by the blockfill 

producer for a conventional mix. These PROW proportions resulted in a relatively small 

percentage addition of WLP with respect to the size of the mix, and represented 

approximately 0.5-2% of the entire mass of the blockfill.   

 

For each mixture, the compressive strength of three cylindrical specimens was measured 

at time periods of 7, 28 and 56 days. Flexural beams were tested after 28 days using the 

procedure specified by NZS 3112 Part 2. The beams were loaded with two point loads 

and zero torsional restraint, and the tensile flexural strength was calculated. Spread tests 

were undertaken on the fresh blockfill prior to casting cylinders and beams. The purpose 

of this test was to investigate the material workability, allowing it to flow under its own 

weight. As dictated by NZS 3112, the blockfill was allowed to flow through an inverted 

slump cone onto a level low friction surface, forming a circular mound at which point two 

orthogonal dimensions were measured. Three tests were completed per batch.     
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4.3.1.2 Stage two testing with the exclusion of conventional chemical 

admixtures 

 

Two blockfill mix designs, each with three cylinders tested at each paint concentration, 

were trialled to assess compressive strength, with one mix having a standard w/c ratio 

(referred to as Series A) and the other mix having a higher w/c ratio (referred to as Series 

B). This test design was adopted based on the assumption that the extra water added in 

Series B (disregarding the 0% paint mix) would allow complete dispersion of the WLP 

throughout the mix. In each test a different percentage of WLP by mass was added, with 

the identical mass of water removed, resulting in the net w/c ratio within each test being 

due to a reduction in mix water but an addition of water contained within the WLP. The 

parameters for each trial are outlined in Table 4.4 and Table 4.5.   

 

Table 4.4:  Series A water/cement (w/c) and polymer/cement (p/c) ratios, compressive strength and 

density at the time of stage two compressive testing 

Paint % w/c p/c f’c (MPa) Density (kg/m
3
) 

0% 0.700 0 21.0 2138 

4% 0.686 0.007 14.6 1953 

8% 0.672 0.014 12.6 1920 

12% 0.658 0.021 11.4 1879 

 

Table 4.5:  Series B water/cement (w/c) and polymer/cement (p/c) ratios, compressive strength and 

density at the time of stage two compressive testing 

Paint % w/c p/c f’c (MPa) Density (kg/m
3
) 

0% 0.700 0 21.0 2138 

4% 0.891 0.007 15.9 2119 

8% 0.877 0.014 21.6 2238 

12% 0.863 0.021 21.3 2210 

 

Spread tests were conducted at a constant WLP percentage of 12%, based on the optimum 

proportion suggested by earlier testing. Variation was introduced by removing the 

admixtures and introducing WLP, in an effort to identify the best and worst mix 

formulation case scenarios (see Table 4.6). Spread tests were carried out at 20 minute 

intervals over 80 minutes, with the blockfill mix being left static over the 20 minutes 

between tests. Immediately prior to each test the mix was given 20 seconds of mixing to 
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ensure that any bleeding or separation that may have occurred was not causing 

inconsistencies within the material. 

 

Table 4.6:  Mixture designs for spread vs. time tests 

Mix Micro Air Pozzolith Paint 

1 * *   

2    

3 * * * 

4     * 

 

The elastic modulus was also evaluated during Series B compression testing, using data 

from an early section of the stress/strain profile which was deemed to be linear. The 

results of three tests at each percentage were collected for 4%, 8% and 12% PROW, from 

which the average E value was measured. 

 

4.3.2 Rheology 

 

The accurate description of a cementitious material’s ability to flow is often difficult as 

the generally accepted methods of assessment are qualitative and results can vary widely 

based on testing conditions such as force application, friction and equipment. These 

qualitative tests include slump tests, spread tests and L-box tests, which all involve 

factors that are difficult to keep as a constant. Rheological information was gathered to 

apply a more scientific description to the effects that the addition of waste latex based 

paint had on the concrete masonry blockfill.  

 

Testing was completed using a BML4 Viscometer, which is a coaxial cylinder viscometer 

suitable for the measurement of cement paste, mortar and concrete with an 80 mm slump 

or higher. The rheological properties are described by the fundamental parameters of the 

Bingham model: yield value and plastic viscosity. Ingredients were combined together 

and then subjected to shear whilst the mix water was added. Tests were performed with 

an identical mix design to that reported in the previous section in the absence of 

conventional admixtures, at dosages of 0%, 4%, 8%, 12%, 16% and 20% PROW by 

mass, at time intervals of 0, 15, 30, 45 and 60 minutes. Further details of the testing 

methods were reported by Haigh (2007). 
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4.4 Results and discussion 

 

4.4.1 Stage one 

 

The 7 day results (Figure 4.1a) indicated peak strength at 12% PROW, with a data 

accuracy of ±0.5 MPa. The control test had a larger compressive strength than the 

samples containing waste paint, suggesting that the paint had either reduced the strength 

of the cement matrix or simply retarded the mix, slowing down the speed at which 

strength was developed.  This trend was also witnessed after 28 days, with the optimum 

value shifting towards 16% PROW.  These results suggested that the addition of too little 

WLP was as detrimental as the addition of too much WLP. The 16% PROW data point 

exceeded the standard 17.5 MPa target, which was the required 28 day strength specified 

in NZS 4210 (SNZ, 2001). The 56 day results also followed the trend shown after 7 and 

28 days, with a further increase in strength. The overall finding was that at 12-16% 

PROW an optimum strength occurred, exceeding the specified 17.5 MPa minimum 

compressive strength.   

 

The trend observed within the compressive strength data was also apparent in the spread 

test results, with a peak occurring at 12% PROW (Figure 4.1b). Note that the data point at 

8% PROW was omitted due to an error in testing methodology. This peak spread value 

was 580 mm, which was well above the specified minimum of 450 mm (SNZ, 2001), 

suggesting that water could be removed from the mix and that the inclusion of excess 

paint caused the paste to lose workability. The results for the flexural beams (Figure 4.1c) 

further demonstrated the apparent trend, with the optimum value occurring at 12% 

PROW. This observation confirmed that the addition of WLP did not specifically 

negatively affect the flexural tensile strength. 
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(a) Stage one compressive strength results 

 

(b) Stage one average spread value 

 

 

(c) Average tensile flexural strength results 

Figure 4.1:  Stage one test results. 
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Recognizing that the Stage one mixes had contained both standard chemical admixtures 

and WLP, resulting in excess levels of polymer and air entrainer, the results emphasised 

the need to continue laboratory experimentation in order to investigate the viability of 

removing the conventional chemical admixtures and relying exclusively on the WLP for 

added workability, prior to the commencement of a larger scale investigation. 

 

4.4.2 Stage two 

 

The results from Series A testing after 28 days (Figure 4.2a) showed a decrease in 

compressive strength as the WLP content was increased, which was attributed to an 

increasing air content and an associated decrease in concrete density (see Table 4.4).   

The linear relationship between the increased WLP content and decreased strength, in 

conjunction with a lower w/c ratio, indicated that the increased WLP proportion had a 

negative effect on the strength of the blockfill.  Series B strength results are shown in 

Figure 4.2b, with companion density results reported in Table 4.5. These results 

contradicted conventional concrete theory, which would suggest that an increased w/c 

ratio would correspond to reduced compression strength and reduced density. By 

comparison with the control sample containing 0% WLP, it is apparent that the addition 

of WLP did not result in a greater overall strength, but instead caused a decrease in 

compressive strength if not added in the correct quantities. The data point for the 12% 

PROW was the only outlier, with identical strength to the 8% PROW specimens, but 

having a lower elastic modulus (Figure 4.4). These observations suggested that as the 

polymer content approaches a threshold value, the WLP begins to have a greater effect on 

the elastic deformation of the material, whilst maintaining strength. 
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(a) Series A 

 

(b)  Series B 

Figure 4.2:  Stage two 28 day compressive strength. 

 

Spread test results (Figure 4.3) indicated that the mix design containing no admixtures or 

WLP (Mix 2) was the only scenario that performed unsatisfactorily, effectively being 

unable to pass through the inverted slump cone at the conclusion of 80 minutes. The 

performance of the other three mixes was inseparable and the blockfill maintained a 

consistent spread for the duration of the test. From this data it was concluded that WLP 

alone was as effective as conventional concrete admixtures at maintaining workability.    
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Figure 4.3:  Spread vs. Time results. 

 

 

Figure 4.4:  Elastic modulus data. 

 

Elastic modulus data (Figure 4.4) had a similar profile to the compression strength data in 

Figure 4.2b, indicating that the elastic modulus of concrete masonry blockfill with the 

addition of WLP was a function of compression strength, rather than being influenced by 

the presence of polymers. This observation is consistent with existing code-defined 

equations for the calculation of E, in which the magnitude is a function of compression 

strength.   
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An intimate understanding of the chemical processes responsible for the results observed 

in materials testing in the absence of conventional chemical admixtures involved 

knowledge of industrial chemistry that was outside the scope of the study.   However the 

following explanations for the observed results are suggested: 

 

 Higher water content allows the paint particles to avoid flocculation. Should the 

particles be given a larger medium they would be more spread out, causing 

flocculation to become less likely.  

 Paints are stabilized with surfactants which, unfortunately, also help to stabilize 

air introduced during manufacture and application. Increased water content 

activates/deactivates the ingredients within paint that control foaming 

(Lambournce and Strivens, 1987).  

 A further plausible mechanism is that the surfactants which stabilize the bubbles 

(which cause high air content) have a reduced concentration due to the addition of 

extra water, resulting in a reduced amount of foam.  

 

The observation that elastic modulus results exhibited a similar trend to that of the 

compressive strength is concordant with the findings of Cook and Crookham (1979) in 

which “the load-deformation behaviour for polymer-modified concrete indicated that the 

stiffness of the varying mixes relative to the control mixes closely followed trends 

indicated by strength behaviour”. Cook and Crookham (1979) also noted that the failure 

mode exhibited more ductility, although that data was not collected in this study. 

 

4.4.3 Rheology 

 

The rheological data showed a distinct change in yield shear stress with the addition of 

waste paint (see Figure 4.5a).  
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(a) Yield shear stress 

 

(b) Viscosity 

 

 (c)   Separation 

Figure 4.5:  Rheological data at 0 minutes. 
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Immediately following (0 minutes) the addition of WLP, the yield shear stress of the 

material increased by 30%, to be an approximately constant amount regardless of the 

concentration of the WLP. Viscosity dropped with the inclusion of WLP (Figure 4.5b). 

The separation data in Figure 4.5c shows that as the viscosity decreased with paint 

concentration increase, the separation was also observed to decrease. Identifying the 

specific reasoning for the rheological changes observed was outside the scope of the 

study. However the following explanations are offered: 

 The additives that are active in paint to increase yield shear stress are known as 

thickening agents. Increased air content can lead to a viscosity reduction. The air 

content of the mixes in the rheological testing is shown in Table 4.7. The 

increasing air content within the mix explained the plastic viscosity reduction. The 

air content increase was consistent with that observed in the compression testing, 

but is likely not the only mechanism affecting viscosity given the number of other 

chemical interactions involved. 

 Viscosity reduction could be related to the neutralising of relatively strong 

interactions within the concrete itself. There are several types of reactions active 

within concrete, although electrostatic interactions with assistance from hydrogen 

bonding are the most obvious (Taylor, 1997). Electrostatic interactions depend 

upon the angular orientation of the surfaces on which they act, and thus in the case 

of the angular particles within concrete, there will likely be sites with higher 

electric charge than other sites (Adamczyk, 2003). If these sites interact with each 

other, resulting in stronger bonds holding the mixture together, the surfactant will 

be effective in neutralising some of the charges and hence reduce the effectiveness 

of the bond. The result of weakening the electrostatic interactions would be 

observed primarily as a viscosity decrease. This result would not require a large 

amount of surfactant, as an equilibrium would be developed that favoured 

surfactant-particle interaction at the highest charge location on the particle 

surface. Most of the surfactant within paint is non-ionic and is reported to not 

interact with cement (Merlin et al., 2005).  

 The reduction in separation is a result of the thickeners which are present within 

paint. The thickeners, which become attached to any particle available whilst 

being repelled by water, are largely disabled with the application of shear. The 

bond between particles is broken, but the thickeners continue to remain attached, 
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suspending the particles within the mix and preventing or slowing down their 

ability to separate. The other phenomenon occurring is due to the polymers within 

the paint, which create a ‘structure’ within the paint, similar to the concept of 

thixotropy. 

 

Table 4.7:  Air content of mixes used in rheological testing. 

Paint Content 0% 4% 8% 12% 16% 

Air Content 6.30% 11.50% 11.50% 11.50% 11% 

 

4.5 Conclusion 

 

This study investigated the use of WLP as a partial replacement for mixing water and 

polymeric admixtures in masonry blockfill.  The motivations for this investigation were 

to effectively utilise the available resource of waste paint, and to exploit similarities in the 

chemical compositions of WLP and the polymeric admixtures used in conventional 

concrete to increase workability.  

 

It was established that WLP was a suitable additive to blockfill mixes that also contained 

conventional chemical admixtures (Stage one testing), with dosages of 12-16% PROW 

resulting in maintained strength and improved workability. In the absence of conventional 

admixtures (Stage two testing) it was determined that dosages of 8-12% PROW led to 

optimal material properties of blockfill compressive strength, tensile strength and 

workability, while an increase in water content (Series B) ensured a more uniform 

distribution of WLP within the mix, leading to maintained compressive strength without 

excessive air entrainment.  

 

WLP was found to improve the workability and rheology of masonry blockfill, resulting 

in an increase in spread and a significant decrease in viscosity and separation, and hence 

WLP was found to be viable as a replacement for conventional chemical admixtures. 

Additional testing and analysis should be undertaken to confirm these results and also 

understand the effects of waste paint on other performance requirements such as long-

term durability.  
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CHAPTER 5 

EFFECT OF WASTE LATEX PAINT 

ON CONCRETE 

 

 

 

 

 

 

 

Approximately 20% of paint sold in western countries does not get used for its intended 

purpose, and in time much of this left-over paint ends up in land-fill as part of the 

household waste collection, at a significant economic and environmental cost.  In New 

Zealand, a comprehensive product stewardship campaign has been initiated to recover 

waste paint before it enters the waste stream, while the collaboration amongst a cohort of 

companies has contributed to utilising waste latex paint in concrete.  The objective of this 

study was to investigate the effects of waste latex paint on concrete, with special focus on 

a low strength standard 20 MPa concrete mix. It is demonstrated that waste latex paint 

can improve the workability and durability of concrete, whilst achieving sufficient 

compressive strength. Phase analysis indicated that the addition of waste latex paint does 

not affect the concrete hydrates.  It was established that concrete with 12 L/m
3
 of waste 

latex paint is suitable for use in low strength non-structural concrete. 
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5.1 Introduction 

 

Latex dispersions, which consist of small organic polymer particles dispersed in water, 

have been widely used to modify Portland cement-based concrete and produce what is 

commonly known as polymer-modified concrete (PMC) (Ohama, 1998; Van Gemert et 

al., 2005; Nehdi and Sumner, 2003), with latex dispersions improving some undesired 

fresh and hardened cement properties such as cohesion, adhesion, brittleness, low flexural 

strength, and durability.  Additionally, PMC is suitable for various structural and non-

structural products and is ideal for overlay of pavements, bridges, and industrial 

applications (Gretz and Plank, 2011; Aggarwal et al., 2007), due to PMC having a 

superior monolithic cement matrix in which the organic polymer phase and cement phase 

are interpenetrated and homogenised (Ohama, 2011; Yang et al., 2009).  The formation of 

the microstructure in PMC in relation to the polymer film formation being coincident 

with cement hydration is described by various authors and qualitative models (Ohama, 

1998; Gretz and Plank, 2011; Beeldens et al., 2005). 

 

Previous studies indicate that the workability of PMC is enhanced due to surfactants from 

the latex dispersion being adsorbed onto the polymer and cement particles, generating a 

dispersing effect and an increase in entrained air, and also due to the “ball bearing” action 

of the polymer particles (Ohama, 1998), while Lewis and Lewis (1990) reported that 

surfactants have a lubricating effect on the wet concrete mix, reducing the viscosity, and 

hence high workability of the cement paste is achieved at a much lower water to cement 

ratio.  The action of the surfactants contained as emulsifiers and stabilizers in the polymer 

latex means that a large quantity of air is entrained in comparison to ordinary cement 

concrete. However, excesss air entrainment can be controlled with the proper selection 

and amount of latex and antifoaming agent used (Lamond and Pielert, 2006).  Despite its 

improved flowability, PMC has improved resistance to segregation and bleeding due to 

the hydrophilic properties of the polymers and the air-entraining and water-reducing 

effects of the surfactants, and hence reductions in strength and waterproofness caused by 

bleeding and segregation are reduced in PMC (Ohama, 1998; Almesfer et al., 2012). 

 

Generally the compressive strength of PMC is lower than that of ordinary concrete after 

28 days, but equalises or exceeds the compressive strength of ordinary concrete after 90 
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days due to the improved water retention of PMC Beeldens et al., 2005).  Ohama (1998) 

states that it is evident that optimum strength in PMC is obtained by achieveing a 

reasonable degree of cement hydration under wet conditions at early stages, followed by 

polymer film formation under dry conditions.  This theory is also supported by Beeldens 

et al. (2005), stating that at high relative humidity, the influence of polymer modification 

on short-term strength is limited, but as soon as a dry curing period is introduced, a 

polymer film starts to build up through the binder phase and an increase in strength is 

noticed with an increase in polymer/cement ratio.  Polymers have been reported to 

improve the cohesion of the bulk cement paste, with polymer bridges being detected 

between the portlandite crystal layers, acting as an additional bond and gluing the layers 

together (Knapen and Van Gemert, 2009).  These bond properties are why PMC is used 

extensivley for overlays on concrete bridges and parking decks (Lamond and Pielert, 

2006).  The resistance of PMC against freezing and thawing, and wearability is superior, 

due to PMC’s low permeability to water, while 30 years of field experience has shown no 

freeze-thaw deterioration (Lamond and Pielert, 2006).  The pores in PMC can be filled 

with polymers or sealed with continuous polymer films, reducing water absorption and 

permeability as the polymer-cement ratio increases.  Such good water impermeability 

provides high resistance to chloride ion penetration and reduced transmission of such 

gases as air, carbon dioxide (CO2) and oxygen (O2), which are all important factors 

contributing to the corrosion of reinforcing bars in reinforced concrete structures 

(Aggarwal et al., 2007).  Yang et al. (2009) reported that the incorporation of styrene-

butadiene rubber (SBR) latex led to a more dense and more refined microstructure of 

cement mortar, reducing water permeability and chloride diffusion. 

 

Paint, which is a latex dispersion, is considered a hazardous product and leftover paint is 

a hazardous waste which must be managed appropriately.  Similar to the program that is 

currently used in North America (Mohammed et al., 2008), a comprehensive product 

stewardship campaign has been initiated in New Zealand to recover waste latex paint 

(WLP) before it enters the waste stream so that it can be recycled in applications which 

add value for the key participants in the recovery programme, while the collaboration 

amongst a cohort of companies has contributed to using WLP into potentially more 

economical and environmentally-friendly concrete. 
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WLP has been used in urban concrete sidewalks in Ontario, Canada (Nehdi and Sumner, 

2003), where WLP contributed in a similar form to virgin latex in concrete, such as 

increasing the flexural strength and decreasing chloride ion diffusion.  A study was also 

conducted at the University of Bath (Godfrey, 2008) where the rheological and hardened 

properties of PMC mixes using WLP as the enhancing admixture were investigated. The 

addition of WLP was found to either enhance or deteriorate the compressive and tensile 

strength depending on the water content, with air entrainment believed to be the main 

cause of deterioration.  The study demonstrated that polymers contribute to the enhanced 

strength, and that the effects of polymers on the workability of the mix are dependent on 

the polymer type, with recommendations that further study be conducted into the effects 

of different WLP dosages, air entrainment, and mixing procedures.  Mohammed et al. 

(2008) investigated the effects of WLP on a range of fresh and hardened properties of 

concrete, incorporating 5, 10, 15, 20, and 25% of WLP as partial replacement by mass for 

mixing water (0.3, 0.6, 0.9, 1.2, and 1.5% polymer/cement ratio).  WLP enhanced the 

workability of concrete, and did not negatively affect the setting time or slump loss.  In 

addition, the partial replacement of mixing water by WLP led to a considerable increase 

in the flexural strength of concrete, yet a decreasing tendency in compressive strength. It 

was suggested that WLP forms a polymer film in concrete, while its pigments and 

extenders fill additional porosity, resulting in a cementitious matrix with a relatively 

denser microstructure that enhances the long-term durability of concrete to rapid freezing-

and-thawing cycles, surface scaling by de-icing salts, and exposure to sulfuric acid.  

Moreover, the resistance of concrete to rapid chloride ion penetrability increased with 

WLP partial replacement for mixing water.  Almesfer et al. (2012) investigated the use of 

WLP as a partial replacement for mixing water in masonry blockfill, and established that 

WLP dosages of 8-16% replacement of water were optimum for maintaining strength and 

improving workability.  It was concluded that WLP improves the workability and 

rheology of masonry blockfill, resulting in an increase in spread and a significant 

decrease in viscosity and separation, and hence WLP was found to be viable as a 

replacement for conventional chemical admixtures.   

 

The objective of this study was to investigate the use of WLP in low strength standard 20 

MPa concrete, recognising the potential for use of WLP as a viable admixture in non-

structural concrete applications such as pavements and sidewalks (Mohammed et al., 
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2008; Nehdi and Sumner, 2003).   While preliminary results were previously published 

(Almesfer et al., 2012) that indicated optimum WLP dosages in masonry blockfill, the 

aim of the present study was to investigate the effects of WLP on a standard 20 MPa 

concrete mix produced by a New Zealand ready-mix concrete supplier.  WLP was used as 

a replacement for the conventional water-reducing and air-entraining chemical 

admixtures, with properties including slump-loss, compressive strength, flexural strength 

and splitting tensile strength being evaluated, while fundamental components of 

durability, microstructure, and hydration were also assessed as reported below. 

 

5.2 Materials 

 

Test specimens were made using the same materials as used in a standard 20 MPa 

concrete mix produced by a New Zealand ready-mix concrete plant, with a maximum 

nominal aggregate size of 19 mm, and general purpose (ASTM C150 Type GP) cement 

being used.  The chemical composition and physical properties of the cement are 

presented in Tables 4.1 and 4.2 respectively.   A commercial air-entraining admixture was 

used along with a commercial water-reducing admixture composed of modified 

polycarboxylates.    

 

All materials were supplied by a local concrete plant, while various WLP samples were 

sourced from the New Zealand paint collection program.  WLP collected through the 

paint collection program was separated from its packaging either by the use of a decanter 

(decanted paint) or by manually pouring the paint out of its packaging (pailed paint), and 

stored in 200 litre drums until re-use.  Six representative samples of collected WLP were 

obtained and analysed, and their properties are listed in Table 5.1.   
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Table 5.1: Properties of waste latex paint 

Parameters Pailed paint Average of 

pailed 

paint 

Decanted paint Average 

of 

decanted 

paint 

Average 

P1 P2 P3 D1 D2 D3 

pH 7.82 7.95 7.67 7.81 8.29 8.17 8.24 8.23 8.02 

Viscosity 

(KU) 
77 81 73 77 97 94 106 99 88 

Density 

(Kg/L) 
1.292 1.283 1.260 1.278 1.258 1.288 1.303 1.283 1.281 

Pigments 

(%) 
28.1 27.5 26.5 27.4 24.6 27.6 30.2 27.5 27.4 

Polymers 

(%) 
24.2 22.5 20.9 22.5 26.9 25.4 24.1 25.5 24.0 

Water (%) 47.8 50.0 52.6 50.1 48.5 47.0 45.7 47.1 48.6 

 

There was a clear difference in properties between the samples of paint that were sourced 

from drums of pailed paint (P) and the samples of paint that were sourced from drums of 

decanted paint (D), especially in pH and viscosity.  Recognising that this WLP was a non-

controlled waste product, the variation shown in Table 5.1 was considered acceptable.  To 

control air-entrainment, a proprietary anti-foaming agent was mixed into the paint prior to 

making the WLP concrete specimen 

 

5.3  Experimental methods 

 

The effect of WLP as a replacement for conventional water-reducing and air entraining 

admixtures and partial replacement for mixing water in concrete was investigated.  The 

mixing sequence initially involved mixing the WLP and 50% of the mix water for 30 s, 

then saturated coarse and fine aggregates, cement, and the remaining water and chemical 

admixtures (only for control mix) were added to the premixed water (containing WLP) 

and mixing resumed for a further 3 min.   

 

The initial tests involved finding the optimum WLP dosage to use in concrete, using 

indications from preliminary results (Almesfer et al., 2012) and previous testing using 

WLP in concrete (Mohammed et al., 2008).  To find this optimum WLP dosage, 

compressive strength and slump loss tests were conducted.  Compressive strength testing 

consisted of a control concrete mixture with no WLP; and six WLP concrete mixtures 



Nasser Almesfer 

97 

 

(incorporating the six representative WLP samples) with WLP at 8, 12, and 16 L/m
3
 of 

concrete (approximately 8, 12, and 16% partial replacement by mass for mixing water).  

For each mixture, nine 100 x 200 mm cylindrical samples were cast.  After demoulding at 

24 hours, all specimens were cured by immersion in water at approximately 23
o
C until 

testing.  Compressive strength testing was carried out for all mixtures at time periods of 7, 

28, and 56 days in accordance to NZS 3112 (SNZ, 1986), with three specimens being 

tested at each time period for each mixture.  To investigate the effect of curing on the 

compressive strength of concrete produced with WLP, instead of using the prescriptive 

wet curing conditions where concrete is immersed in water until testing, a wet-dry curing 

condition was utilised where three additional cylindrical specimens were made for 

mixtures incorporating WLP and tested after being immersed in water for 16 days and 

then dry cured at approximately 23
o
C until being tested at 28 days.   Slump loss testing 

was completed on concrete mixtures incorporating WLP at 0, 8, 12, and 16 L/m
3
 of 

concrete, and carried out at 20 min intervals over 120 min, with the concrete being left 

static over the 20 min between tests.  To ensure there were no inconsistencies within the 

concrete due to bleeding and/or segregation, the concrete was mixed for 25 seconds prior 

to each slump test.  

 

After finding an optimum paint dosage based on compressive strength and slump loss, 

additional strength and durability testing was conducted on the control concrete mix and a 

concrete mix with WLP at a dosage of 12 L/m
3
 based on the optimum proportion 

suggested by initial testing.  The flexural strength and splitting tensile strength were 

obtained at 28 days using the wet and wet-dry curing conditions on three 100 x 100 x 350 

mm beam specimens and three 100 x 200 mm cylindrical specimens respectively, 

according to NZS 3112.  In addition, the rate of water absorption (sorptivity) and bulk 

chloride-diffusion coefficients were obtained as per the ASTM C 1585 (ASTM, 2004) 

and ASTM C 1556 (ASTM, 2004a) guidelines respectively, whilst using wet curing for 

the concrete mix with no WLP, and wet-dry curing for the concrete mix with WLP.  

Sorptivity testing involved immersing an exposed face of three unsaturated concrete 

specimens per mixture in water after being cured, while the rate of absorption (dominated 

by the capillary suction mechanism) is determined by measuring the increase in mass of 

the specimens as a function of time.  The bulk chloride-diffusion coefficient was 

calculated for the average chloride content profile from three specimens per mix.  
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Lastly, to analyse the effect of WLP on the hydration products and microstructure of OPC 

concrete, the concrete mixture with no WLP; and six WLP concrete mixtures 

(incorporating the six representative WLP samples at 12 L/m
3
) were analysed for the 

following tests: 

 

 X-ray diffraction (XRD), carried out on a Bruker D2 Phaser diffractometer, to record 

diffractograms in the range 15-55
o
.  

 Thermogravimetry (TGA/DTG), using a thermogravimetric analysis instrument with 

the temperature set to increase at a rate of 10 
o
C/min from room temperature to 600 

o
C.  The rate of weight loss as a function of temperature indicated by a 

thermogravimetric curve was recorded and used to provide quantitative and 

qualitative information on concrete hydration products such as portlandite (calcium 

hydroxide). 

 Fracture specimens obtained from OPC concrete and WLP concrete samples 

fractured during mechanical testing were attached to aluminium plates using carbon 

tape, after first being sputter coated with platinum for analysis with a Quanta 200 

FEG scanning electron microscope (FE-SEM). 

A summary of the aforementioned tests conducted is presented in Table 5.2. 

 

 

Table 5.2: Summary of tests conducted 

Test WLP 

dosages 

tested 

(L/m
3
) 

Number of WLP samples tested Curing 

condition(s) 

used 

Concrete 

age(s) 

tested 

(days) 

Compressive strength 0, 8, 12, 16 Six (P1, P2, P3, D1, D2, D3) Wet 7, 28, 56 

Compressive strength (wet-

dry curing) 

8, 12, 16 Six (P1, P2, P3, D1, D2, D3) Wet-dry 28 

Slump loss 0, 8, 12, 16 One (average of WLP samples) - - 

Flexural strength 0, 12 One (average of WLP samples) Wet, wet-dry 28 

Splitting tensile strength 0, 12 One (average of WLP samples) Wet, wet-dry 28 

Sorptivity 0, 12 One (average of WLP samples) Wet, wet-dry 28 

Chloride diffusion 0, 12 One (average of WLP samples) Wet, wet-dry 28 

XRD, TGA/DTG, ESEM 0, 12 Six (P1, P2, P3, D1, D2, D3) Wet, wet-dry 28 
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5.4 Results and discussion 

 

5.4.1 Optimum paint dosage 

 

5.4.1.1 Compressive strength 

 

The 7-day compressive strength results (Figure 5.1a) indicated that the control mix had a 

larger compressive strength (16.6 MPa) than all the mixes with WLP, suggesting that 

WLP is either delaying the strength development of concrete, or simply reducing the 

strength of the cement matrix.  It can also be observed in Figure 5.1a that too little WLP 

(8 L/m
3
) can be as disadvantageous to strength gain as too much WLP (16 L/m

3
), 

although there was no significant difference (less than 5%) in the compressive strength of 

mixes with different WLP dosages.  The variation between the compressive strength of 

mixes with the six different samples of paint was not substantial, whilst the larger 

difference in compressive strength between samples P2 and D2 cannot be explained based 

on their respective properties shown in Table 5.3.  The compressive strength at 28 days 

(Figure 5.1b) and 56 days (Figure 5.1c) followed a similar trend to that shown at 7 days.   

 

The overall finding was that the 12 L/m
3
 WLP dosage was most optimal for compressive 

strength of concrete with WLP, exceeding the 24.5 MPa average compressive strength 

requirement at 28 days, as specified by NZS 3104 (SNZ, 2003) for the production of 

concrete having a lower characteristic strength of 20 MPa, although none of the WLP 

concrete samples reached the strength of the control samples.  
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(a) 7-day compressive strength results. 

 

(b) 28-day compressive strength results. 

 

 (c) 56-day compressive strength results. 

 

Figure 5.1:  Compressive strength results. 
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The ratio of compressive strength at 28 days for WLP concrete specimens cured 

according to the wet-dry (WD) procedure, compared to WLP concrete specimens cured 

under wet (W) conditions is presented in Figure 5.2, indicating that the strength of WLP 

concrete can increase by up to 8% when first cured under wet conditions and then dry-

cured. This finding is likely due to water evaporation and polymerisation of WLP filling 

pores in the internal concrete structure (Ohama, 1998; Mohammed et al., 2008), with the 

WD/W compressive strength ratio increasing as the WLP dosage increased. 

 

 

Figure 5.2:  Ratio of wet-dry (WD) to wet (W) 28-day compressive strength. 

 

5.4.1.2 Slump loss 

 

The slump loss results of concrete incorporating various dosages of WLP are presented in 

Figure 5.3.  The highest initial slump of 200 mm was achieved at 8 L/m
3
, followed 

closely by the other three mixes with an initial slump of 190 mm. Generally, the WLP 

concrete mixes maintained workability more effectively than the control mix, whilst after 

120 minutes the largest slump of 70 mm was obtained for the 12 L/m
3
 concrete mix.  

Most importantly, the results indicated that paint definitely has no negative impact on 

slump loss. 
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Figure 5.3:  Slump loss of concrete mixtures. 

 

5.4.2 Tensile strength 

 

Both the flexural tensile strength results shown in Figure 5.4 and the splitting tensile 

strength results shown in Figure 5.5 indicated that the tensile strength of the control 

concrete mix and the WLP concrete mix both increased as the period of wet-curing 

increased (prior to being tested at 28 days).  This finding was expected for the control 

mix, but for the WLP concrete mix it was expected that a period of moist curing for 16 

days followed by dry curing would result in greater tensile strength, which would also 

follow the trend of the compressive strength results.   

 

 

Figure 5.4:  28-day flexural tensile strength results. 
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Figure 5.5:  28-day splitting tensile strength results. 

 

It has been reported that when flexural strength specimens are left to dry prior to testing, a 

tensile stress is induced within the outer skin, weakening the specimens (Lamond and 

Pielert, 2006).  Based on both tensile tests conducted, results indicated that WLP does not 

considerably increase or decrease the overall tensile strength of concrete, although other 

researchers have shown that the addition of WLP to concrete generally does result in an 

increase in flexural strength due to improvements in the bond at the paste-aggregate 

interfacial transition zone (Nehdi and Sumner, 2003; Almesfer et al., 2012; Mohammed et 

al., 2008; Godfrey, 2008) depending on the quantities of WLP and cement, and the curing 

method used.  

 

5.4.3 Water absorption 

 

Figure 5.6 shows the water absorption plotted against the square root of time, and from 

the developed trend line the rate of water absorption was determined, with the rate of 

water absorption being the slope of the developed trend line.  For the control concrete the 

rate of water absorption was found to be 0.196 mm/√min, while for WLP concrete it was 

0.175 mm/√min.  The slightly lower rate of water absorption for WLP concrete suggests 

that WLP only slightly improves the resistance of concrete to water and chemical 

absorption, potentially due to the polymer membrane forming, although WLP has been 

shown to reduce moisture penetrability in concrete as implied by mercury intrusion 
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porosimetry results, showing a pore size refinement and lower porosity than that of 

conventional concrete (Mohammed et al., 2008). 

 

Figure 5.6:  Water absorption of concrete mixtures. 

 

5.4.4 Chloride ion penetration 

 

The results of the chloride ion penetration test are shown in Figure 5.7, where the chloride 

content profiles for the control mix and WLP concrete mix are presented.  A bulk 

chloride-diffusion coefficient was calculated for each mix using non-linear regression 

analysis, and was determined to be 9.74 x 10
-12

 m
2
/s for WLP concrete, approximately 

10% less than the 10.91 x 10
-12

 m
2
/s coefficient for the control mix.  These results 

indicate that WLP concrete is potentially more resistant to chloride ion penetration, 

especially if reinforcing steel is used.  This increased resistance to chloride ion 

penetration may be due to a pore blocking effect of the polymers, and also due to the fine 

pigments which increase the chloride ion resistance through mechanisms similar to those 

of silica fume (Nehdi and Sumner, 2003; Ismail et al., 2011).  
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Figure 5.7:  Chloride ion concentration in concrete mixtures. 

 

5.4.5 XRD, TGA/DTG, ESEM 

 

Figure 5.8 shows the XRD patterns of the control concrete and different WLP concrete 

mixes, with no difference in the type of hydration products identified.  All mixes 

consisted of general hydration products usually found, such as ettringite 

(Ca6Al2(SO4)3(OH)12·26H2O), portlandite, calcium silicate (Ca2SiO5), and silica (SiO2) 

which is predominantly attributed to the quartz sand contained within the concrete.  

Because of its semi-crystalline nature, the calcium silica hydrate (C-S-H) gel that formed 

was hard to identify using XRD.  However the existence of a peak shown overlapping 

with calcite (CaCO3) at approximately 29
o
 was associated with the presence of C-S-H gel.  

The XRD patterns showed little difference in the quantity of hydration products between 

the mixes. 
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Figure 5.8:  XRD diffraction patterns of control concrete and WLP concrete mixtures. 

 

When a concrete specimen is heated to 1000 
o
C using a thermogravimetric analysis 

instrument the relationship between the temperature and the weight loss of the specimen 

is a thermogravimetric (TG) curve showing the percentage change in weight as the 

temperature increases. The first derivative of the TG curve with respect to temperature is 

a differential thermogravimetric (DTG) curve (Chang and Chen, 2006).  DTG results for 

the control concrete and WLP concrete mixes are presented in Figure 5.9.  DTG results 

indicate two peaks of mass loss, at 150-180 
o
C (peak 1) and at 480-520 

o
C (peak 2).  Peak 

1 belongs to the dehydration of free and/or chemically bound water from C-S-H and 

ettringite, while peak 2 corresponds to the dehydroxilation/decomposition of portlandite 

(Chang and Chen, 2006; Ramachandran, 1988).  The amounts of both chemically bound 

water and dehydroxilation are a measure of the degree of hydration of different phases in 

concrete (Chang and Chen, 2006; Ramachandran, 1988) . 
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Figure 5.9:  Differential thermograms (mass loss downwards) of concrete mixtures after 28 days 

curing. 

 

From these DTG results it is clear that concrete with WLP presents different results from 

conventional concrete, especially regarding the portlandite content.  Regarding WLP 

concrete, the weight loss related to the dehydration of chemically bound water (C-S-H) is 

only slightly less than for the control concrete, while the weight loss related to 

dehydroxilation (portlandite) is considerably less.  This decrease in portlandite content 

and hence the overall calcium/silica ratio of the concrete binder due to the addition of 

polymer latex has been confirmed by other studies using TG and microstructural analysis 

(Knapert and Van Gemert, 2009; Almeida and Sichieri, 2006), and is caused by the 

polymer film partially or fully encapsulating the cement grains and reducing their 

hydration rate, while the cement hydration process is also influenced by the presence of 

the surfactants at the surface of the polymer particles being adsorbed onto portlandite 

nucleation sites, poisoning the growth of portlandite crystals (Young, 1972).  It has been 

reported that the portlandite content can be underestimated by TG techniques due to the 

interaction of polymers with unhydrated cement particles, the hydrated compounds, or the 

released hydroxide ions, resulting in the formation of carbonate-like phases which 

interfere with the decomposition and mass loss of portlandite upon heating (Knapen and 

Van Gemert, 2009). 

 

Micrographs of control concrete and WLP concrete are shown in Figure 5.10.  The 

micrograph of WLP concrete indicates changes in the microstructure, especially with 

regards to the density of the concrete binder phase, C-S-H, possibly attributed to the delay 
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of cement hydration due to the paint and hence the C-S-H not being well defined and 

becoming granular (Su et al., 1996).  Large crystals of portlandite, slender ettringite 

needles, and different types of C-S-H were easily identified in the control concrete and all 

WLP concrete mixes.   The polymer film in the WLP concrete samples was not 

distinguishable, indicating that it is almost engulfed by, or incorporated into the C-S-H 

phase and/or other products.   

 

 

Figure 5.10:  FESEM images of control OPC concrete (left) and WLP concrete (right) after 28 days 

curing. 

 

5.5 Conclusion 

 

Fresh, mechanical, and durability properties of concrete incorporating WLP at various 

proportions were investigated in this study, with this work being motivated by the fact 

that there is an available resource of WLP in New Zealand, and that there is potential for 

WLP to be used in concrete.  The use of WLP in concrete has been found to not affect the 

slump loss of concrete, but to decrease the compressive strength.  The compressive 

strength of concrete utilizing WLP at a dosage of 12 L/m
3
 was found to satisfy 

compressive strength requirements, whilst a performance-based curing regime allowing 

the WLP to dry led to a slight increase in the compressive strength of concrete utilizing 

WLP.  WLP did not considerably affect the tensile strength of concrete, and slightly 

enhanced the durability characteristics of concrete. 

 

The concrete phase analysis indicated that the addition of WLP does not cause the 

formation of any new products, but rather alters the quantity of hydrates, especially 
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portlandite. The microstructure of WLP concrete was not as dense as the microstructure 

of conventional concrete, possibly due to the cement hydration process being retarded and 

not coagulating as much.  Further work is required on the exact position of the polymers 

and pigments within the cement matrix, and their effects on the porosity of concrete. 

 

Based on results from this study, it appears that concrete with 12 L/m
3
 of WLP is 

appropriate for use in non-structural 20 MPa applications such as sidewalks and 

driveways.  
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CHAPTER 6 

EFFECT OF WASTE GLASS ON THE 

PROPERTIES OF CONCRETE 

 

 

 

 

 

 

 

Crushed waste glass bottles accumulating in stockpiles are an environmental concern, but 

also provide an available resource for potential use in concrete by partially replacing 

coarse and fine natural aggregates.  The objective of this study was to test fundamental 

properties of concrete that utilised 20% waste glass as a partial replacement for coarse 

and fine natural aggregates.  It is demonstrated that the waste glass has a negative effect 

on concrete properties including air content, compressive strength, and flexural strength, 

whilst also contributing to the problematic alkali-silica reaction.  The use of 

supplementary cementitious materials such as fly ash or microsilica was found to improve 

the properties of concrete that utilised waste glass, especially with regards to inhibiting 

the alkali-silica reaction, and hence it was established that waste glass should be used 

with either fly ash or microsilica mainly due to concerns regarding the development of the 

alkali-silica reaction caused by the waste glass trialed in this study.   
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6.1 Introduction 

 

Glass is one of the oldest man-made materials and has become indispensable in everyday 

life due to its pliability to form any shape with ease, its durability, and because it offers a 

bright surface.  Many forms of glass exist such as packaging or container glass (bottles 

and jars), flat glass (windows and windscreens), bulb glass (light globes), and cathode ray 

tube glass (TV screens and monitors) (Shayan and Xu, 2004).  The term glass comprises 

several chemical varieties including boro-silicate glass, alkali-silicate glass, and ternary 

soda-lime silicate glass (Shayan and Xu, 2006), with the latter being the material that 

most packaging glass is made of and hence is the subject of this investigation. 

 

Glass is a unique inert material that can be recycled many times without changing its 

chemical properties (e.g. it is a 100% recyclable material).  Therefore glass bottles can be 

crushed into cullet, melted, and then made into new bottles without significant changes to 

the glass properties.  The efficiency of collecting the bulk of postconsumer glass depends 

on the method of collecting and sorting glass of different colours.  When different colour 

glass (amber, green, clear) can be separated, then the separated sources can be used to 

manufacture similar colour glass containers; otherwise mixed glass colours are unsuitable 

for use as containers and are often used for other purposes or are sent to landfill  (Shayan 

and Xu, 2004). 

 

Numerous efforts have been made within the concrete industry to use waste glass as a 

partial replacement for natural aggregates or cement, with work using crushed waste glass 

as a concrete aggregate first being published in 1974 (Johnston, 1974).  Due to the strong 

reaction between the alkali in the cement and the reactive silica in the glass, the use of 

glass in concrete has been previously found to not be satisfactory due to excessive 

expansion and strength loss.  Currently the percentage utilisation of waste glass in 

concrete is not at a desired level, due to the lack in information and outcomes for concrete 

applications utilising waste glass such as footpaths, and in particular long-term 

observations on performance characteristics such as concrete durability and the alkali-

silica reaction (Taha and Nounu, 2008).  The properties of concrete containing waste 

glass will depend on whether the glass is replacing cement, fine, and/or coarse natural 

aggregate, the proportion of replacement, and the properties of the glass such as particle 
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size and chemical composition, and hence previously published results on the use of 

waste glass in concrete have varied considerably. 

 

An extensive study on replacing coarse aggregates with glass was reported by Topcu and 

Canbaz (2004), where crushed green soda glass was reduced to 4-16 mm to replace 

coarse aggregate in proportions of 0-60%.  Topcu and Canbaz reported that the unit 

weight of concrete made with glass is generally lower than for concrete made without 

glass due to the glass particles having a lower specific gravity than general rock, which is 

also in agreement with test results of Kisacik (2002), while the low air content in concrete 

containing a high proportion of waste glass was thought to be connected to the smooth 

surface of waste glass which helps decrease the porosity of the interface zone between the 

waste glass and cement paste.  The findings from Topcu and Canbaz showed that the 

compressive strength of concrete decreases when the replacement quantity of virgin 

aggregate with waste glass increases.  The compressive strength decreased by 8% for 

15% glass replacement of virgin aggregate, and by 15% for 30% glass replacement of 

virgin aggregate.  This strength loss was thought to be due to the high brittleness of glass 

leading to cracks in the glass particles which then lead to incomplete adhesion between 

the waste glass and cement paste, while the poor geometry of crushed glass and reduced 

specific gravity led to a heterogenous distribution of aggregates. 

 

Shayan and Xu (2006) showed that the replacement of sand with crushed glass did not 

influence slump, whereas Ismail and Al-Hashimi (2009) demonstrated the tendency of the 

slump to decrease as the waste glass ratio increases, related to the poor geometry of the 

waste glass resulting in less workable concrete mixes as well as a reduction in the 

fineness modulus.  Park et al. (2004) observed concrete containing waste glass sand to 

increase in air content due to the irregular shape of the waste glass particles, and a larger 

relative surface area that maintained more air.  Taha and Nounu (2008) reported that the 

compressive strength of their concrete mixes did not exhibit distinguished differences 

when recycled glass sand was used to replace natural sand, whereas Park et al. found that 

four-week old concretes with 30%, 50%, and 70% glass replacement of virgin aggregate 

displayed a reduction in compressive strength, resulting in 99.4%, 90.2%, and 86.4% 

compressive strength relative to that of plain concrete.  The flexural strength of concrete 

mixes containing finely crushed glass generally followed the compressive strength trend, 
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with Park et al. reporting a decrease in flexural strength, which is also in agreement with 

results from Taha and Nounu. 

 

With regards to the problematic alkali-silica reaction (ASR), the high reactivity of glass 

has been known ever since glass was first reportedly used in concrete in 1974 (Johnston, 

1974) where the use of coarse glass particles caused considerable expansion and cracking, 

and ever since has been the main hindrance for the use of glass in concrete.  Rajabipour et 

al. (2010) monitered the formation of ASR gel from glass particles in mortar bars, and 

found that the ASR gel forms around and within glass particles, and that the swelling of 

the gel inside the glass particles produces wedging stresses that propogate cracks within 

the cement paste having the same orientation as the gel-filled cracks inside the glass, and 

with time the ASR gel intrudes into the cracks.  Idir et al. (2011) reported that coarse 

glass particles gave two types of hydrates when attacked by hydroxyl ions: hydrates 

which were detached from the glass grains (precipitates) which were composed of C-S-H 

with a relatively high Ca/Si ratio; and hydrates which formed a reaction ring around the 

glass grains and can be regarded as the ASR gel, containing lower amounts of calcium.  

   

ASR expansion is not directly linked to the silica content of the glass, and other 

parameters such as other elements contained within the glass must be taken into account 

when assessing the ASR reactivity of glass (2010).  Glass particle size is another 

important parameter, with the influence of glass particle size on ASR having been widely 

investigated.  Jin et al. (2000) reported that glass particles in the size range of 1.18-2.36 

mm produced the greatest expansions (pessimum particle size) and that particles less than 

0.3 mm showed safe ASR performance (no expansion), consistent with Bazant et al. 

(1998) who found that glass particle sizes of approximately 1.5 mm caused excessive 

expansion whereas particles having a diameter less than 0.25 mm caused no expansion in 

laboratory tests on concrete.  Dhir et al. (2009) suggested that coarse glass particles cause 

greater ASR expansion than fine glass particles because coarse glass particles contain 

wider pre-exsting cracks and hence allow the penetration of more pore fluid and therefore 

greater diffusion of hydroxyl ions to the interior of the glass particles.  Studies (Topcu 

and Canbaz, 2004; Jin et al., 2000) have generally not concluded a pessimum content for 

the ASR reactivity of glass and instead have concluded that the expansion will increase 

with increasing total glass content, with Jin et al. (2000) and Park et al. (2004) reporting 
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that literature on the pessimum content effect of aggregates is inconclusive as accelerated 

test methods such as ASTM C1260 (2007) are generally used, which specifies that mortar 

bars are to be immersed in a 1 N NaOH solution and hence the supply of alkali is 

unlimited, which means that no pessimum effect is supposed to exist in such accelerated 

tests, whereas a pessimum effect will be observed in a test such as ASTM C227 (2003) 

where the supply of alkalis is fixed. 

 

The purpose of the study reported herein was to investigate the influence of domestic 

waste glass (WG) on concrete properties when used as a partial replacement for natural 

coarse and fine aggregates, and hence to potentially utilise stockpiles of WG awaiting 

disposal or recycling to produce environmentally-friendly WG concrete.  Fundamental 

concrete properties of various concrete mixtures assessed include air content, 

compressive strength, flexural strength, and ASR expansion, whilst also incorporating 

supplemenary cementitious materials such as fly ash and microsilica.      

 

6.2 Materials 

 

Concrete test specimens were made using the same materials as used in a local ready-mix 

concrete plant, with a maximum nominal greywacke aggregate size of 19 mm.  General 

purpose (ASTM C150 Type GP) cement (OPC) was used in this investigation, along with 

microsilica (MS) and fly ash (FA), whose chemical compositions are presented in Table 

6.1.   

 

Table 6.1:  Chemical composition of cementitious materials used 

  SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 LOI >45 µm 

OPC 22.8 4.2 2.3 64.8 1.0 0.2 0.5 3.0 3.0 - 

MS 87.9 4.3 0.6 0.3 <0.02 0.1 0.5 0.1 5.0 4.8 

FA 40.1 20.4 10.1 19.0 3.4 2.1 0.5 0.8 0.3 12.5 

 

Unwashed crushed soda-lime silicate glass from bottles of mixed colours (green, brown, 

and clear) was used, with a specific gravity, water absorption, and a loose bulk density of 

2.49, 0.9%, and 1610 kg/m
3
 respectively.  The sieve analysis of the crushed glass is 

presented in Table 6.2.    A commercial air-entraining admixture was used along with a 

commercial water-reducing admixture composed of modified polycarboxylates. 



Chapter 6:  Effect of waste glass on the properties of concrete 

118 

 

 

Table 6.2:  Sieve analysis of waste glass 

Sieve size 

(mm) 

Accumulated 

passing (%) 

19 100 

13.2 99 

9.5 88 

6.7 54 

4.75 30 

2.36 8 

1.18 3 

0.6 2 

0.3 1 

0.15 1 

0.075 0 

 

 

6.3 Experimental procedure 

 

A total of nine concrete mixtures were produced, with details of the mixing proportions 

shown in Table 6.3.  A water-cement (w/c) ratio of 0.69 was used for the control mix, 

while a single replacement level of 20% by mass was used for WG to replace coarse and 

fine aggregates whilst attempting to match the particle size distribution.  FA was tested at 

5%, 10% and 20% replacement of cement by mass, and MS was tested at 4% and 8% 

replacement of cement by mass.   

 

Table 6.3:  Concrete mix details 

Mix number WG (%) replacement 

of total aggregate by 

mass 

SCM (% 

replacement of 

OPC by mass) 

Mix description 

1 

0 

- Reference mix, 100% OPC 

2 F (20) 20% FA in binder 

3 M (8) 8% MS in binder 

4 

20 

- WG, 100% OPC 

5 F (5) WG, 5% FA in binder 

6 F (10) WG, 10% FA in binder 

7 F (20) WG, 20% FA in binder 

8 M (4) WG, 4% MS in binder 

9 M (8) WG, 8% MS in binder 
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Mixing was conducted with the use of a vertical rotating action concrete mixer.  The 

mixing sequence involved mixing 80% of the mix water with all ingredients for 90 s, 

prior to adding the remaining mix water until desired workability was achieved.  After 

preparing each concrete mix, the air content of the fresh concrete was measured, after 

which six 100 x 200 mm cylinders and three 100 x 100 x 350 mm beam specimens were 

prepared in accordance with NZS 3112 (1986).  After demoulding at 24 hours, all 

specimens were cured by immersion in water at approximately 23
o
C until they reached 

the required age for testing.  For each mixture, the compressive strength of three 

cylindrical specimens was measured at time periods of 7 and 28 days, and flexural beams 

were tested after 28 days using the procedure specified by NZS 3112 Part 2.  The flexural 

beams were loaded with two point loads and zero torsional restraint, and the tensile 

flexural strength was calculated. 

 

The study on the possible expansion due to ASR was undertaken in accordance with 

ASTM C1293 (2008).  For each mixture, three 75 x 75 x 285 mm prisms were cast, with 

the addition of a sodium hydroxide solution to the mixing water to raise the alkali content 

to 1.25% Na2Oeq.  Prisms were demoulded after 24 hours and measured for an initial 

reading.  Prisms were then stored at 38.0
o
C ± 2.0

o
C in an environment as specified by 

ASTM C1293 for one year.  During the one year test period, the expansion of concrete 

specimens was measured each month using a comparator.  The comparison between the 

mixtures incorporating glass and the control mixture is an indication of whether or not the 

silica in the glass and the alkali from the cement are reacting, whilst also examining if the 

FA and MS can suppress this expansion.  The extent of the glass reactivity and the 

formation of ASR gel was assessed by examining polished samples from each concrete 

mixture at the completion of one year with the use of a Quanta 200 FEG scanning 

electron microscope (FE-SEM) in backscattered mode, equipped with an energy 

dispersive X-ray (EDX) analytical system to determine the microstructural features and 

elemental analysis of identified phases.    
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6.4 Results and discussion 

 

6.4.1 Air content 

 

The results from the air content testing of the nine concrete mixes are presented in Table 

6.4.  The concrete mixes with WG consistently had higher air contents than mixes without 

WG, although the use of MS and FA lowered the air content.   Park et al. (2004) 

suggested that the tendency of air content increase may be because glass particles have an 

irregular shape compared to natural aggregates, resulting in a larger relative surface area 

that maintains more air.   

 

Table 6.4:  Air content of concrete mixes 

Mix 1 2 3 4 5 6 7 8 9 

Air content (%) 4.3 3.8 4.0 6.3 6.1 5.9 5.7 5.8 5.7 

 

 

6.4.2 Compressive strength 

 

The compressive strength was measured at 7 and 28 days for early and normal term 

strength.  These results are shown in Figure 6.1 and Figure 6.2.  At 7 days (Figure 6.1), 

the reference mix (100% OPC) had the greatest compressive strength of 15.4 MPa, being 

48% higher than mix 4 (WG, 100% OPC).  The compressive strength trend at 28 days 

(Figure 6.2) was similar to that at 7 days, with the addition of WG significantly 

decreasing the compressive strength for all concrete mixes.  This decrease in compressive 

strength is due to the high brittleness of glass leading to cracks which result in incomplete 

adhesion between the WG and cement paste, while the poor geometry and reduced 

specific gravity of glass leads to a heterogeneous distribution of aggregates (Topcu and 

Canbaz, 2004).   As the level of FA or MS increased, the compressive strength decreased, 

although it is recognised that pozzolans such as FA and MS require time to develop their 

extra strength because they react with calcium hydroxide from the hydration of cement. 
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Figure 6.1:  Mean 7-day compressive strength. 

 

 

Figure 6.2:  Mean 28-day compressive strength. 

 

The ratio of the mean 28-day to mean 7-day (28d / 7d) compressive strength for all 

concrete mixes is presented in Figure 6.3.   Results indicate the potential long-term 

strength development from the use of FA and MS, due to the concrete mixes with FA and 

MS generally having a higher 28d / 7d ratio; hence FA and MS can be useful for long-

term compressive strength development in WG mixes. 
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Figure 6.3:  28-day/7-day compressive strength ratio 

 

6.4.3 Flexural strength 

 

The 28-day flexural strength results are presented in Figure 6.4, and showed a similar 

trend to the compressive strength results, although the effect of WG on the flexural 

strength was not as detrimental as the effect of WG on the compressive strength.   

 

 

Figure 6.4:  Mean 28-day flexural strength. 

 

Mix 4 (WG, 100% OPC) had a 17% lower flexural strength than mix 1 (100% OPC), mix 

7 (WG, 20% FA in binder) had a 38% lower flexural strength than mix 2 (20% FA in 

binder), and mix 9 (WG, 8% MS in binder) had an 18% lower flexural strength than mix 

3 (8% MS in binder).  The decrease in flexural strength may be due to the decrease in 
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adhesion between the smooth WG surface and the cement paste (Taha and Nounu, 2008; 

Park et al., 2004), and the organic content from foreign materials with WG creating voids 

that weaken the concrete microstructure (Taha and Nounu, 2008).  The FA and MS did 

not have a noticeable effect on the flexural strength of mixes without WG; however the 

FA and MS decreased the flexural strength of the mixes with WG.  Mix 7 (WG, 20% FA 

in binder) had a 26% lower flexural strength than mix 4 (WG, 100% OPC), while mix 9 

(WG, 8% MS in binder) had only a 1.3% lower flexural strength than mix 4 (WG, 100% 

OPC).   

 

6.4.4 Alkali-silica reaction (ASR) 

  

ASR test results are shown in Figure 6.5.  ASTM C1293 states that expansion of more 

than 0.04% at one year is indicative of potentially deleterious expansion.  The greatest 

expansion was recorded for mix 4 (WG, 100% OPC) at 0.583%, followed by mix 5 (WG, 

5% FA in binder) at 0.405%, and then mix 6 (WG, 10% FA in binder) at 0.285%, all 

indicating that they were highly reactive WG concrete mixes.  Mix 7 (WG, 20% FA in 

binder) had an expansion of 0.0406%, which was only slightly in excess of the 0.04% 

limit, although it is important to note that an expansion of 0.0401% was recorded for the 

reference mix (100% OPC) which did not contain any WG.  The remaining concrete 

mixes were mix 2 (20% FA in binder), mix 3 (8% MS in binder), mix 8 (WG, 4% MS in 

binder), and mix 9 (WG, 8% MS in binder) with corresponding recorded expansions of 

0.0214%, 0.0229%, 0.0344%, and 0.0182% respectively, which are classified as 

innocuous with regards to ASTM C1293.   According to ASTM C1293, the WG tested is 

regarded as being a reactive aggregate, and results indicate that either 20% FA, or at least 

4% MS is required to mitigate the ASR expansion.  Freitag et al. (2003) has 

recommended using at least 8% MS to replace cement to ensure minimising ASR 

damage.   
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Figure 6.5:  ASR expansion results of mixes with a total expansion of more than 0.04% (a) and mixes 

with a total expansion less than 0.04% (b). 

 

Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) analysis were 

used to examine the nature of the hydrated binder and WG particles, especially with 

regards to the formation of ASR gel, after the completion of the ASTM C1293 test.  

Figure 6.6 shows the typical morphology of the hydrated paste in the reference mix, with 

no indication of any ASR gel formation or cracking, as expected.  The morphology of 

mix 4 (WG, 100% OPC) is presented in Figure 6.7, with indications of the formation of 

ASR gel and cracking of the cement paste, while there seems to be no ASR gel on the 

perimeter of the WG particle.  The chemical composition of the ASR gel within the WG 

particle in mix 4 is presented in Table 6.5, showing great enrichment of silica in the ASR 

gel and small traces of calcium, whilst also retaining a small amount of sodium (Na).  The 

interface of WG with the cement paste in mix 7 (WG, 20% FA in binder) is shown in 
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Figure 6.8, with no indication of ASR gel formation, due to the pozzolanic and ASR 

mitigating effect of the FA, whilst also exhibiting features similar to those of the 

reference mix.   

 

 

Figure 6.6:  FE-SEM image of morphology of mix 1 (100% OPC). 

 

 

Figure 6.7:  FE-SEM image of morphology of mix 4 (WG, 100% OPC). 

 

Table 6.5:  EDX chemical analysis of the ASR gel in mix 4 

Chemical composition (wt %) 

SiO2 

 
63.24 

CaO 

 
17.48 

Na2O 

 
11.24 

SiO2/CaO   3.62 
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Figure 6.8:  FE-SEM image of morphology of mix 7 (WG, 20% FA in binder) 

 

Unlike the majority of natural reactive aggregates, for which ASR occurs at the aggregate 

interface with the cement paste, the glass-paste interface in all SEM images in this study 

did not show evidence of ASR gel, which is consistent with the observations by 

Rajabipour et al. (2010).  Potentially, a high calcium/silica product resembling C-S-H is 

formed at the interface, possibly due to the dissolved silica from the glass perimeter 

reacting with the available portlandite (Rajabipour et al., 2010).  Dhir et al. (2009) has 

supported this theory by reporting that a C-S-H type material forms at the glass-paste 

interface, which has a composition that is considerably different than the ASR gel that 

forms within glass particles, with the Ca/Si ratio being significantly higher in the C-S-H 

layer, and because the C-S-H layer has a higher Ca/Si ratio than the ASR gel, it does not 

produce swelling and cracking as extensive as for the ASR gel in the glass particle.  It is 

also assumed that ASR can initiate inside microcracks that exist inside glass particles 

formed during the glass crushing process.  Overall, the SEM/EDX examination supported 

results from ASTM C1293 testing and confirmed the occurrence of distress associated 

with expansion from cracking. 

 

6.5 Conclusion 

 

This study investigated the use of WG as a partial replacement for natural coarse and fine 

aggregates in concrete. The motivation for this investigation was to effectively utilise the 

available resource of domestic stockpiles of WG which are awaiting disposal or 

recycling.  Fundamental properties including air content, compressive strength, flexural 
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strength, and potential for alkali-silica reaction were tested to understand the potential for 

WG to be used in producing environmentally-friendly concrete.   

 

The WG tested in this investigation was found to slightly increase the air content of 

concrete, and significantly decrease the compressive strength and flexural strength of 

concrete in the absence of supplementary cementitious materials such as FA or MS.  The 

use of MS was found to be useful for increasing the long-term strength of concrete 

utilising WG, whilst also maintaining the flexural strength.  With regards to the alkali-

silica reaction, WG was found to be a highly reactive aggregate.  However, the use of FA 

or MS was able to decrease the ASR expansion significantly.  

 

It was determined that the optimal concrete mix tested whilst utilising WG was mix 9 

which incorporated 8% MS, especially with regards to ASR expansion.  Additional 

testing and economic analysis needs to be undertaken on the use of cleaned WG (without 

any contamination and organics) and its effect on the properties of concrete.  Lastly, the 

long-term ASR potential of WG needs to be analysed using methods other than the 

conventional accelerated ASR tests. 
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CHAPTER 7 

EFFECT OF WASTE GLASS AND 

WASTE LATEX PAINT ON 

HARDENED CONCRETE 

PROPERTIES 

 

 

 

 

 

Stockpiles of crushed waste glass bottles and significant volumes of waste latex paint 

exist in New Zealand and both are an environmental concern, prompting an investigation 

into the use of crushed waste glass as a partial replacement for natural coarse and fine 

aggregates, and waste latex paint as a partial replacement for mixing water and polymeric 

admixture in concrete.  The objective of this study was to produce an environmentally-

friendly concrete mix whilst maintaining or improving the hardened properties of the 

material, especially with regards to inhibiting the alkali-silica reaction.  Waste glass was 

found to have a negative effect on all properties of concrete including strength and the 

initiation of the alkali silica reaction.  Waste latex paint at a dosage of 12 L/m
3
 of 

concrete was found to slightly improve the strength of concrete incorporating waste glass, 

although expansion due to the alkali-silica reaction increased.  It was established that if 

waste glass and paint are to be incorporated in concrete, then microsilica should be used 

for strength development and most importantly to suppress the alkali-silica reaction. 
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7.1 Introduction 

 

Worldwide there are many industrial by-products which are difficult and/or expensive to 

dispose, such as glass bottles, plastic bags, used tyres, and electric and electronic wastes, 

which are increasingly causing environmental concern.  In New Zealand and globally, the 

use of glass bottles has increased significantly, primarily in the alcoholic beverage 

industry, and also due to encouragement given to the public to recycle and minimise the 

use of plastics and the appeal of glass bottles as a convenient, high quality and hygienic 

container.  The only glass recycling plant in New Zealand is unable to meet the national 

demand for recycling of all the collected glass, and the method of waste glass collection 

creates further difficulty with regards to economically recycling the waste glass into new 

glass bottles, requiring that most of the collected glass is instead stockpiled.  Also, many 

regional authorities in New Zealand decide that sending waste glass to landfills is more 

economical than recycling because transporting the waste glass to the recycling plant is 

expensive.  These landfills may cause damaging effects to the environment, which then 

generate negative impacts on local communities. 

 

Recycling waste glass as a replacement for natural aggregates which are conventionally 

used in concrete saves landfill space but also reduces the demand for extraction of natural 

raw materials for construction activities (Ismail and Al-Hashmi, 2009).  The concrete 

properties will depend on whether the glass is replacing cement, fine, and/or coarse 

aggregate, the proportion of replacement, and the properties of the glass such as particle 

size and chemical composition, and hence previously published results on the use of 

waste glass in concrete have varied considerably.  Topcu and Canbaz (2004) showed that 

the strength of concrete decreases with the addition of waste glass.  The compressive 

strength had decreased by 8% and 15% with 15% and 30% glass replacement of natural 

aggregate, respectively, while the indirect tensile strength decreased by 37% with 60% 

glass replacement of natural aggregate.  Contrary to the aforementioned findings, Ismail 

and Al-Hashmi (2009) reported an improvement in compressive strength with the 

addition of glass, while Taha and Nounu (2008) concluded that the behaviour of hardened 

concrete when recycled glass sand is used depends on parameters including the 

contamination and the organic content in recycled glass, and the inherent cracks in 

recycled glass sand particles due to the crushing process applied on waste glass, which 
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are a source of weakness.  One of the major concerns with the use of waste glass in 

concrete is the development of the alkali silica reaction (ASR), associated with silica-rich 

glass particles reacting with the alkaline-rich concrete pore solution, producing a gel 

which can expand and crack concrete.  Numerous literature had reported successful 

suppressants to reduce the expansion of concrete due to ASR, including fly ash, silica 

fume, metakaolin, and ground granulated blast furnace slag (Topcu and Canbaz, 2004; 

Shayan and Xu, 2006; Taha and Nounu, 2008; Thomas, 2011; Shao et al., 2000). 

 

Waste paint is currently being disposed of in landfills at a substantial economic and 

environmental cost.  An estimated 21 million litres of decorative coatings paint is sold in 

New Zealand per annum, whilst approximately 20% of it does not get used for its 

intended purpose (Gerondis, 2010).  The leftover paint should be managed and disposed 

of appropriately as it can be highly toxic to the environment, and can pollute groundwater 

if dumped on the ground.  In New Zealand, a comprehensive product stewardship 

campaign has been initiated to recover waste paint before it enters the waste stream, while 

the collaboration amongst a cohort of companies has contributed to using waste latex 

paint (WLP) in potentially more economical and environmentally-friendly concrete.  

Almesfer et al. (2012) investigated the use of WLP as a partial replacement for mixing 

water in masonry blockfill, and established that WLP dosages of 8-16% replacement of 

water were optimum for maintaining strength and improving workability, while 

Mohammed et al. (2008) also reported positive results from testing WLP as a partial 

replacement of water in concrete.  Nehdi and Arif (2010) confirmed that the 

concentrations of heavy metals leached from 15 and 25% WLP concrete specimens were 

well below the limit of contaminant levels according to hazardous waste regulations and 

that incorporating WLP in concrete specimens did not enhance the leaching of heavy 

metals. No results (other than Saccani and Motori (2001)) are found in literature on the 

effect of polymers or WLP on inhibiting or assisting the development of ASR resulting 

from glass particles in concrete.   

 

Recognising the potential for using WLP as a viable admixture in non-structural concrete 

applications such as pavements and sidewalks (Almesfer et al., 2012; Mohammed et al., 

2008), and the potential of WLP to have a physical and/or chemical effect in mitigating 

the development of ASR, the purpose of the study reported herein was to use WLP as a 
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replacement for conventional water-reducing and air entraining admixtures and partial 

replacement for mixing water and investigate its influence on the development of ASR in 

concrete utilizing waste glass as a partial replacement for natural aggregates.  

Furthermore, parameters such as the air content and strength of concrete made with waste 

glass (WG) and WLP were investigated. 

 

7.2 Materials and methods 

 

7.2.1 Materials 

 

General purpose (ASTM C150 Type GP) cement (OPC) was used, along with ASR 

suppressants including microsilica (MS) and fly ash (FA) which were separately used as 

partial replacement for cement.  MS is a highly reactive natural amorphous silica 

pozzolan which is unique to the central North Island region of New Zealand, and with 

adequate processing to control its particle size MS can be effective in reducing ASR 

expansion (West, 1996; Freitag et al., 2003).   The chemical compositions of the OPC, 

MS, and FA are presented in Table 7.1. 

 

Table 7.1:  Chemical composition of cementitious materials used 

  SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 LOI >45 µm 

OPC 22.8 4.2 2.3 64.8 1.0 0.2 0.5 3.0 3.0 - 

MS 87.9 4.3 0.6 0.3 <0.02 0.1 0.5 0.1 5.0 4.8 

FA 40.1 20.4 10.1 19.0 3.4 2.1 0.5 0.8 0.3 12.5 

 

A commercial air-entraining admixture was used along with a commercial water-reducing 

admixture composed of modified polycarboxylates.  A maximum nominal greywacke 

aggregate size of 19 mm with a loose bulk density of 1710 kg/m
3
 was used.  Unwashed 

crushed soda-lime silicate glass from bottles of mixed colours (green, brown, and clear) 

was supplied from a materials recovery facility, with a specific gravity, water absorption, 

and loose bulk density of 2.49, 0.9%, and 1610 kg/m
3
, respectively.  The sieve analysis of 

the crushed glass is presented in Table 7.2.  The WLP used in this study was sourced 

from a paint collection program, with a representative sample of the WLP obtained and 

analysed.  The obtained properties of this WLP are summarised in Table 5.1.  A 

proprietary anti-foaming agent was mixed into the WLP to control excess air entrainment. 
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Table 7.2:  Sieve analysis of waste glass 

Sieve size 

(mm) 

Accumulated 

passing (%) 

19 100 

13.2 99 

9.5 88 

6.7 54 

4.75 30 

2.36 8 

1.18 3 

0.6 2 

0.3 1 

0.15 1 

0.075 0 

 

 

 

7.2.2 Mix proportioning 

 

Details of the mixing proportions are shown in Table 7.3, with a total of twelve concrete 

mixtures produced.   WG was investigated at a single replacement level of 20% by mass 

for the natural coarse and fine aggregates, whilst attempting to match their respective 

particle size distributions.  WLP was used as a replacement for conventional water-

reducing and air entraining admixtures and partial replacement for mixing water.  WLP 

was trialed at dosages of 12 L/m
3
 and 24 L/m

3
 of concrete.   A water-cement ratio of 0.69 

was used for the reference concrete mixture.   ASR mitigation methods were investigated 

by using supplementary cementitious materials, with the percentage of cement 

replacement by mass being 20% for FA and 8% for MS, as generally used in New 

Zealand. 
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Table 7.3:  Concrete mix details 

Mix number Group % WG 

replacement of 

total aggregate 

by mass 

Paint 

dosage 

(L/m
3
) 

SCM (% 

replacement of 

cement by mass) 

1 - OPC, 0  

100% OPC 0 

0 - 

2 - OPC, 12  12 - 

3 - OPC, 24  24 - 

4 - WG, OPC, 0  

WG, 100% OPC 

20 

0 - 

5 - WG, OPC, 12  12 - 

6 - WG, OPC, 24  24 - 

7 - WG, FA, 0  

WG, 20% FA 

0 Fly ash (20%) 

8 - WG, FA, 12 12 Fly ash (20%) 

9 - WG, FA, 24 24 Fly ash (20%) 

10 - WG, MS, 0 

WG, 8% MS 

0 Microsilica (8%) 

11 - WG, MS, 12 12 Microsilica (8%) 

12 - WG, MS, 24 24 Microsilica (8%) 

 

 

7.2.3 Preparation of test specimens 

 

Mixing was conducted with the use of a vertical rotating action concrete mixer.  The 

mixing sequence initially involved mixing the WLP and 50% of the mix water for 30 s.  

The saturated coarse and fine aggregates, WG, cementitious materials, and the remaining 

water and chemical admixtures (only for mixes with no WLP) were added to the 

premixed water (containing WLP) and mixing resumed for a further 3 min.   After 

preparing each concrete mix, the air content of the fresh concrete was measured, after 

which the concrete specimens were prepared.  The numbers and dimensions of concrete 

specimens are summarised in Table 7.4.   

 

Table 7.4:  Summary of tests conducted 

Test ASTM 

Standard 

Number of specimens 

tested per mix 

Dimension (mm) 

Air content C231 - - 

Dry density C642 3 Ø100 x 200 

Compressive strength C39 6 Ø100 x 200 

Flexural strength C78 3 100 x 100 x 350 

ASR C1293 3 75 x 75 x 285 
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After demoulding the concrete specimens 24 h after casting, all specimens were cured by 

immersion in water at approximately 23 
o
C until testing.  The dry density was measured 

for the cylinders taken from the curing water just prior to compressive strength testing.  

The calculated dry density represents the mean dry density measured on three cylinders 

from their mass, diameter, and height at the age of 28 days.  The compressive strength 

testing was carried out for all mixtures at time periods of 7 and 28 days, with three 

specimens being tested at each time period for each mixture, while flexural strength 

testing was carried out at 28 days.  The flexural beams were loaded with two point loads 

and zero torsional restraint, and the tensile flexural strength was calculated.  For the ASR 

test, specimens were produced according to ASTM C1293-08 using the same WG tested, 

demoulded after 24 h and measured for an initial reading.  Specimens were then stored at 

38.0 ± 2.0 
o
C in an environment as specified by ASTM C1293-08 for one year.  During 

the one year test period, the expansion of concrete specimens was measured each month 

using a comparator.  ASR expansion was reported as the average value from three 

concrete specimens.  To confirm the formation of ASR gel in the concrete specimens, a 

Quanta 200 FEG scanning electron microscope (FE-SEM) in backscattered mode was 

employed at the end of the ASR test. 

 

7.3 Test results and discussion 

 

7.3.1 Air content 

 

As shown in Figure 7.1, the air content of concrete generally increased with the use of 

WG or WLP by up to 35%, as generally concluded by previous studies (Almesfer et al., 

2012; Mohammed et al., 2008; Park et al., 2004).  The sharper edges and higher aspect 

ratio of glass particles resulting from the crushing process and the brittle nature of glass 

enabled more air to be retained at the surface of glass particles in comparison to natural 

aggregates (Tan and Du, 2013).  WLP did not further increase the air content of concrete 

already containing WG, possibly due to the presence of the defoamer in the WLP.  The 

use of FA or MS slightly decreased the air content of concrete with WG and WLP.  

Previous research (Ley, 2007; Quan, 2011) has indicated that carbon from the FA affects 

the mechanism of air entrainment in concrete and the chemistry of the air entraining 

admixtures, with an overall decrease in air entrainment.   
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Figure 7.1:  Air content of concrete mixes. 

 

7.3.2 Dry density 

 

The dry density of each concrete mix is summarised in Table 7.5.  The dry density 

decreased by up to 7% when WG was added to the concrete, due to the glass having a 

lower specific gravity than general rock (Tan and Du, 2013; Ismail and Al-Hashmi, 2009; 

Taha and Nounu, 2008) and the higher air content of concrete with WG.  The addition of 

WLP did not have any noticeable effect on the dry density of hardened 100% OPC 

concrete, although the addition of WLP to WG concrete increased the dry density by up 

to 5%.   

 

Table 7.5:  Dry density results of concrete mixes 

Mix number Dry density (Kg/m
3
) 

1 - OPC, 0  2369 

2 - OPC, 12  2363 

3 - OPC, 24  2384 

4 - WG, OPC, 0  2217 

5 - WG, OPC, 12  2318 

6 - WG, OPC, 24  2324 

7 - WG, FA, 0  2215 

8 - WG, FA, 12 2302 

9 - WG, FA, 24 2294 

10 - WG, MS, 0 2197 

11 - WG, MS, 12 2308 

12 - WG, MS, 24 2297 
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7.3.3 Compressive strength 

 

Figure 7.2 and Figure 7.3 show the compressive strength results at 7 and 28 days 

respectively.  WG had a more significant effect on reducing the compresive strength of 

concrete than did WLP.  WG decreases the compressive strength of concrete due to the 

smooth surface and sharp edges of glass particles resulting in a weaker bond strength 

between the surface of the glass particles and cement paste (Tan and Du, 2013; Ismail and 

Al-Hashmi, 2009; Topcu and Canbaz, 2004).   

 

 

Figure 7.2:  7-day compressive strength results. 

 

 

Figure 7.3:  28-day compressive strength results. 
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FA reduced the 28-day compressive strength of WG concrete by up to 25%, whereas the 

effect of MS on the 28-day compressive strength of WG concrete was insignificant.  The 

7-day and 28-day compressive strength results had a similar trend, although as shown in 

Figure 7.4, MS and FA did slightly increase the 28-day to 7-day compressive strength 

ratio, potentially enhancing long-term strength of WG and WLP concrete due to 

pozzolanic reactions, with similar observations being reported by Ismail and Al-Hashmi 

(2009) and Metwally (2007), where pozzolanic reactions helped to improve the 

compressive strength after 28 days. 

 

 

Figure 7.4:  28-day/7-day compressive strength ratio. 

 

 

7.3.4 Flexural strength 

 

The flexural strength results at 28 days are shown in Figure 7.5, with a similar trend 

shown to the compressive strength results.  The WG and WLP concretes exhibited 

flexural strengths varying between  2.15 and 3.30 MPa, although the effect of WG on the 

flexural strength was not as detrimental as the effect of WG on the compressive strength.  

WG decreased the flexural strength by 17%, due to the decrease in adhesive strength at 

the glass particle surface (Tan and Du, 2013).  12 L/m
3
 WLP generally increased the 

flexural strength of concrete while 24 L/m
3
 WLP decreased the flexural strength.   FA had 

the most significant effect on the flexural strength of WG concrete, reducing it by up to 

26%, whereas the addition of MS to WG concrete increased the flexural strength by up to 
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12%.  At an early concrete curing age, FA does not contribute to the pozzolonc reaction, 

and there is poor bonding between the concrete matrix and FA particles and hence there is 

a decrease in flexural strength at 28 days when FA is incorporated, depending on the 

calcium content (Naik et al., 1998; Yazici and Arel, 2012), while MS improves the 

flexural strength of conventional concretre due to the improved aggregate to paste 

bonding which increases the concrete’s inherent flexural strength (Microsilica NZ).   

 

 

Figure 7.5:  28-day flexural strength results. 

 

 

7.3.5 Alkali-silica reaction (ASR) 

 

The percentage expansion with time of the concrete specimens due to ASR is illustrated 

in Figure 7.6.  ASTM C1293-08 states that expansion of more than 0.04% at one year is 

indicative of potentially deleterious expansion.  It is obvious that mixes with WG 

generally had greater expansion, with the formation of expansive gel confirmed as 

illustrated in Figure 7.7.  The greatest expansions were recorded for mixes 5 (WG, OPC, 

12), 6 (WG, OPC, 24), and 4 (WG, OPC, 0), with expansions of 0.802%, 0.777%, and 

0.583% respectively, all indicating that they were highly reactive WG concrete mixes and 

that the WG concrete with WLP had greater expansion than WG concrete with no WLP.  

 

The FA and MS had a positive effect on reducing ASR expansion of WG concrete, with 

the reduction in expansion becoming more significant when no WLP is added.  Mix 8 
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(WG, FA, 12) and mix 9 (WG, FA, 24) were above the expansion limit of 0.04%, while 

mix 7 (WG, FA, 0) had an expansion of 0.04%.  The difference in morphology between 

mix 7 (WG, FA, 0) and mix 8 (WG, FA, 12) is illustrated in Figure 7.8, with the presence 

of gel being confirmed in mix 8 but not mix 7.  Mix 11 (WG, MS, 12) and mix 12 (WG, 

MS, 24) had expansions of 0.034% and 0.048% respectively, while mix 10 (WG, MS, 0) 

with no WLP had an expansion of 0.018%.  Overall, the WG concrete mixes with MS had 

the least expansion. 

 

 

 

Figure 7.6:  ASR expansion results of mixes with a total expansion of more than 0.04% (a) and mixes 

with a total expansion less than 0.04% (b). 
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Figure 7.7:  FE-SEM images of morphology of mix1 (OPC, 0) (left) and mix 4 (WG, OPC, 0) (right). 

 

 

  

Figure 7.8:  FE-SEM images of morphology of mix 7 (WG, FA, 0) (left) and mix 8 (WG, FA, 12) 

(right). 

 

As confirmed by the FE-SEM images, there was no indication of ASR gel on the 

perimeter of any WG particles.  Instead, a high calcium/silica product resembling C-S-H 

is formed at the interface, possibly due to the dissolved silica from the glass perimeter 

reacting with the available portlandite.  This C-S-H has a composition that is considerably 

different than the ASR gel that forms within glass particles, with the Ca/Si ratio being 

significantly higher in the C-S-H layer, and because the C-S-H layer has a higher Ca/Si 

ratio than the ASR gel, it does not produce swelling and cracking as extensive as for the 

ASR gel in the glass particle (Rajabipour et al., 2010; Dhir et al., 2009).  It has been 

reported that the formation of ASR gel is exacerbated by the presence of micro-cracks on 

the surface of WG particles from the glass crushing process (Du and Tan, 2013; 
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Rajabipour et al., 2010), and that larger glass particles include a significantly higher 

percentage of reactive micro-cracks (>2.5 µm) and hence could be the reason why larger 

WG particles are more reactive than smaller WG particles (Maraghechi et al., 2012).  

 

7.4 Conclusions 

 

The hardened properties of concrete incorporating WG as a partial replacement for coarse 

and fine natural aggregates with WLP was investigated, with this work being motivated 

by the domestic stockpiles of WG awaiting disposal or recycling and the available 

resource of WLP.   It was established that the WG tested in this study generally had a 

negative impact on all the tested parameters of concrete including air content, strength, 

and ASR.     

 

The use of MS was found to potentially enhance the long-term compressive strength and 

maintain the flexural strength of WG concrete, whereas FA decreased the compressive 

strength and flexural strength of WG concrete.  FA and particularly MS were effective in 

reducing the ASR expansion of WG concrete.  WLP slightly increased the air content of 

the concrete and had a positive effect on the strength of WG concrete, but a negative 

effect on the ASR aspect of WG concrete. 

  

It was established that if the WG tested was to be used in concrete with WLP, then MS 

would be required to not only supress ASR, but also be required for long-term strength 

development, with the optimum mix tested that incorporated WG being mix 11 (WG, MS, 

12).  Additional analysis needs to be conducted to understand the chemical effect that 

WLP has on WG and ASR.           
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CHAPTER 8 

FIELD EVALUATION OF 

CONCRETE THAT UTILISES WASTE 

PAINT AND WASTE GLASS 

 

 

 

 

 

Problematic waste streams such as waste paint and waste glass are an environmental 

concern, but also represent a potential resource for use in concrete, prompting an 

investigation into the use of waste latex paint as a partial replacement for mixing water 

and as a polymeric admixture in concrete, while waste glass was used to partially replace 

natural coarse and fine aggregates.  The objective of this study was to carry out a field 

investigation on commercial low strength concrete applications using waste latex paint 

and waste glass, whilst testing basic fresh and hardened concrete properties.  Waste latex 

paint was found to increase the air content and decrease the compressive strength of 

concrete, but to improve the workability and make the concrete easier to finish.  The use 

of waste glass made the concrete slightly harder to work with and to finish when 

compared with conventional concrete, and also decreased the compressive strength.  After 

30 months, no gel or distress related to the potential alkali silica reaction was detected in 

the concrete incorporating waste glass. 

 



Chapter 8:  Field evaluation of concrete that utilises waste paint and waste glass 

148 

 

8.1 Introduction 

 

The amount and types of waste being generated by society have been increasing globally 

due to growth in world population, consumption trends, and increased urbanisation, and 

hence research into new and innovative uses for waste materials is continually advancing.  

To ensure efficient use of recycled waste materials and potential energy resources, certain 

outlets or uses for waste materials need to be developed and waste streams need to be 

recycled into marketable products with suitable quality control procedures and 

specifications.   These needs can be addressed with the assistance of local government, 

recyclers, and industry associations promoting consumer awareness of problematic waste 

products in order to encourage consumer demand to use the problematic waste products.   

 

An industry that has played a major role towards sustainable development in the 21
st
 

century is the concrete industry, with more advanced and sustainable concrete 

technologies being introduced into the concrete manufacturing industry, including 

increased use of alternative fuels for kiln heating, the more consistent use of alternative 

cementitious materials such as blast-furnace slag and fly ash, ultra high performance 

concrete with improved durability for extended service life, and the use of recycled waste 

materials to replace natural aggregates.  In New Zealand, two problematic waste products 

currently being trialed in concrete with the assistance of a group of companies spanning 

the local manufacturing industry are waste latex paint (WLP) and crushed waste glass 

(WG).   

 

New Zealand has a waste paint collection facility, with the method of paint collection 

involving a mobile truck collecting waste paint that is returned by paint users at 

participating stores.  The collected paint is strained and then stored in bulk containers, 

which allows better homogenisation and reduced variability of the waste paint properties.  

WLP imparts similar properties to polymeric admixtures commonly used in concrete 

production, such as water-reducing admixtures, and hence research has been previously 

undertaken to investigate the use of waste paint in concrete as a partial replacement for 

mix water and in some cases as a water reducing and air-entraining admixture 

replacement.  Generally, the use of WLP in concrete enhances the workability and 

flexural strength, but decreases the compressive strength.  The durability of concrete to 
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resist degradation due to actions such as freezing and thawing and chloride ion 

penetrability are improved due to the WLP forming a polymer film while pigments and 

extenders reduce porosity, with WLP dosages of 8-16% replacement of water by mass 

being optimum  (Almesfer et al., 2012; Mohammed et al., 2008; Godfrey, 2008).  A full-

scale test by Mohammed et al. (2008) for a stamped concrete deck and sidewalk modified 

with WLP showed improved workability and better finishing when compared to the 

characteristics of conventional concrete.  

 

There are stockpiles of crushed WG located throughout New Zealand due to problems 

such as limited glass recycling capacity, with the stockpiled WG generally being 

contaminated with bottle tops, ceramics, and metals, due to the mixed waste collection 

method.  The recycling of WG is especially significant as its recycling rate is low in many 

countries, compared to other solid wastes (Tan and Du, 2013).  Among the many types of 

solid waste, WG has been popularly studied as a substitution for coarse and fine natural 

aggregates and even cement.  Due to its physical characteristics and chemical 

composition, WG is considered as a suitable substitution for natural concrete aggregates, 

which is especially important for geographical locations lacking in natural resources, 

while the high production volume of concrete can potentially incorporate large quantities 

of WG.  The feasibility of using WG in concrete mainly depends on the size of the glass 

particles being used, and proper mixture proportioning to maintain desirable strength and 

workability (Maraghechi et al., 2012).  The major concern with concrete containing WG 

is the potential for the silica-rich glass to react with the highly alkaline concrete pore 

solution, commonly known as the alkali silica reaction (ASR), which can deteriorate 

concrete by cracking, although preventative actions can be achieved by incorporating a 

pozzolonic material such as fly ash, ground blast furnace slag, or silica fume in the 

concrete mixture at suitable proportions (Topcu and Canbaz, 2004; Shayan and Xu, 2006; 

Taha and Nounu, 2008; Thomas, 2011).  Generally, expansion and cracking due to severe 

ASR decreases with the reduction in glass particle size (Jin et al., 2000; Rajabipour et al., 

2010).  

 

The purpose of the field studies reported herein was to evaluate the fundamental technical 

properties of standard 20 MPa concrete mixes produced by a New Zealand ready-mix 

concrete supplier that utilised WG as a partial replacement for natural coarse and fine 
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aggregates, and utilised WLP as a partial replacement for mixing water and conventional 

chemical admixtures.  It is anticipated that the technical findings will enhance customer 

confidence in concrete that utilises waste materials, and will assist in establishing a strong 

market presence for waste materials in concrete. 

 

8.2 Materials and methods 

 

8.2.1 Materials 

 

The adopted methodology involved a laboratory and field evaluation of fresh and 

hardened properties of commercial concrete with a specified mean 28-day compressive 

strength of 24.5 MPa (lower 5% compressive strength of 20 MPa), and a maximum 

nominal aggregate size of 19 mm whilst incorporating WG or WLP.  Depending on the 

program of works schedule by the local council, construction sites suitable for testing the 

field performance of concrete incorporating WG or WLP were selected.  Table 8.1 gives a 

summary of the concrete projects undertaken in this study.  Two concrete projects 

incorporated WLP as a partial replacement for mixing water (approximately 12% by 

mass) and replacement for water-reducing and air-entraining admixtures, and two 

concrete projects incorporated WG as a replacement for 20% of the natural coarse and 

fine aggregates.   

 

Table 8.1:  Projects constructed 

Project Project start date Concrete mix 

1 - Cattle yard 20/01/2010 WLP 

2 - Driveway 15/04/2010 WLP 

3 - Driveway 12/04/2010 WG 

4 - Sidewalk 11/09/2009 WG 

 

 

The WLP used in this study was sourced from a paint collection program, with the 

properties of the WLP based on the analysis of a representatvive sample shown in Table 

5.1.  Also, based on six different WLP samples tested using Fourier transform infrared 

spectroscopy (FTIR) as shown in Figure 8.1, the main solid components of the WLP were 

found to be acryclic polymers and titanium dioxide pigments, along with calcite, kaolin, 
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and other silica-based extender pigments/fillers.  A materials recovery facility supplied 

the unwashed crushed soda-lime silicate glass of mixed colours, with a specific gravity, 

absorption, and sand equivalent of 2.49, 0.9%, and 75% respectively.  The particle sieve 

analysis of the WG is presented in Table 8.2.   

 

 

Figure 8.1:  FTIR spectra of different samples of WLP 

 

 

 

Table 8.2: Sieve analysis of waste glass 

Sieve size 

(mm) 

Accumulated passing 

(%) 

19 100 

13.2 97 

9.5 90 

6.7 75 

4.75 58 

2.36 33 

1.18 19 

0.6 12 

0.3 8 

0.15 5 

0.075 3 
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8.2.2 Mixing and preparation of test specimens 

 

For the concrete projects incorporating WLP, the concrete mixing sequence initially 

involved adding WLP manually into the bowl of the concrete truck, along with 50% of 

the mix water and mixing for 30 s.  The natural coarse and fine aggregates, cement, and 

remaining mix water were then added to the premixed water containing WLP and mixing 

resumed for another 3 min.  The concrete mixing sequence for the projects containing 

WG involved mixing 80% of the mix water with the natural coarse and fine aggregates, 

WG, and cement for 3 min, prior to adding the remaining mix water and mixing until the 

desired workability was achieved. 

 

After the concrete mix was prepared, slump and air content testing were conducted 

according to ASTM C143 and ASTM C231 respectively.  The specified slump and air 

content for all the concrete projects reported herein were 110 ± 20 mm and 5.5 ± 1% 

respectively.   Thereafter, 100 x 200 mm compressive strength test specimens were cast, 

then demoulded after 24 h and cured by immersion in water at approximately 23 
o
C until 

testing at time periods of 7 and 28 days, with three specimens being tested for each time 

period as presented in ASTM C109.   

 

After placing the concrete, cores were taken from a representative section from each 

concrete project at a specified date to provide further compressive strength data and 

confirm no unusual long-term strength deterioration due to WLP or WG, and most 

importantly to detect any form of alkali silica reaction (ASR) in concrete projects 

containing WG.  To detect the formation of any ASR gel in concrete with WG, polished 

samples from broken cores were examined using a Quanta 200 FEG scanning electron 

microscope (FE-SEM) in backscattered mode. 

 

8.3 Results and discussion 

 

8.3.1 Cattle yard – WLP 

 

The cattle yard project consisted of placing 9 m
3
 of concrete incorporating WLP for a 100 

mm thick slab for cattle to walk on.  The measured slump of the mix was 140 mm and the 
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measured air content was 9%.  The high air content was due to the surfactants from the 

WLP entraining excess air into the concrete.  Surfactants are present in WLP and 

adsorbed onto the polymer particles in the WLP to ensure that they are evenly dispersed 

and that they do not flocculate within their liquid carrier (Ohama, 1998).  The concrete 

placers admired the flow and ease of finishing the concrete, and the ability of the concrete 

to hold its shape when using a screed to put ‘grip-lines’ on the surface of the concrete.  

Figure 8.2 shows a section of the cattle yard being placed.   

 

 

Figure 8.2:  Cattle yard with WLP being placed 

 

The 7-day compressive strength was 14.7 MPa and the 28 day compressive strength was 

22 MPa.  Despite the high slump and high air content, which generally decrease the 

compressive strength of concrete, the compressive strength for this cattle yard was 

satisfactory, while after 30 months the average compressive strength of the core samples 

was 22.6 MPa.  The concrete was visually assessed at stipulated time intervals to 

determine durability characteristics in terms of abrasion resistance and chemical attack 

from the cattle hooves and manure.  Overall, the contractor and the cattle-yard owner 
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were pleased with the performance of the WLP concrete, while no damage could be seen 

on the surface of the concrete after 30 months.   

 

8.3.2 Driveway - WLP 

 

A small driveway consisting of 2.4 m
3
 of concrete with WLP was placed, as shown in 

Figure 8.3.  Prior to this driveway project, a proprietary anti-foaming agent was found to 

control excess concrete air entrainment and hence was used in this driveway project and 

premixed into the WLP prior to mixing with the concrete.  The air content of the concrete 

was an acceptable 5.8%, and the slump was 120 mm.  The concrete placer was pleased 

with the ease of finishing the WLP concrete, and noted that the WLP concrete was 

creamy and glossy, as similarly reported by Mohammed et al. (2008), whilst showing 

reduced bleeding.  The 7 and 28-day compressive strengths were 14.6 MPa and 19.4 MPa 

respectively.  After 28 months, the average compressive strength from the core samples 

was 23.1 MPa, while no deterioration could be seen on the concrete surface.   

 

 

 

Figure 8.3:  Finished driveway containing WLP 
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8.3.3 Driveway - WG 

 

A 2.4 m
3
 concrete mix consisting of WG was placed for a driveway as shown in Figure 

8.4.  Fly ash at a percentage of 20% replacement of cement by mass was also 

incorporated to ensure ASR suppression.  However the 28-day compressive strength was 

a low 17.8 MPa, while the slump was a suitable 110 mm.  The low strength was attributed 

to the delay in hydration from the fly ash, and also due to the WG, which, as reported 

earlier in Section 6.4.2, generally decreases the compressive strength of concrete (Topcu 

and Canbaz, 2004; Kisacik, 2002; Shayan and Xu, 2004).  The concrete was difficult to 

finish due to voids on the surface not closing when troweled and due to the harshness of 

the mix, which was attributed to the sub-optimal particle shape of the crushed glass and 

decreased workability. 

 

 

 

Figure 8.4:  Finished driveway section containing WG 

  

Characteristic features from ASR generally include reaction rims on the edges of 

aggregates, microcracks in the concrete, and ASR gel in the microcracks, with the 

greatest cracking due to ASR occurring in the direction of least resistance.  Macrocracks 

may also develop on the surface ranging in width between 0.1 and 10 mm (in extreme 
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cases).  Idir et al. (2011) reported that coarse glass particles gave two types of hydrates 

when attacked by hydroxyl ions: hydrates which were detached from the glass grains 

(precipitates) which were composed of C-S-H with a relatively high Ca/Si ratio, and 

hydrates which formed a reaction ring around the glass grains and can be regarded as the 

ASR gel, containing lower amounts of calcium.  As similarly observed with testing 

reported earlier in Section 6.4.4, FE-ESEM images of the examined cores from this 

project showed no signs of ASR gel on the perimeter of the glass particles after 28 

months, as shown in Figure 8.5.  There was also no deterioration or signs of distress 

associated with ASR. 

 

 

  

Figure 8.5:  FE-ESEM images of the morphology of cores taken from the WG driveway 

 

8.3.4 Sidewalk - WG 

 

A concrete sidewalk with dimensions of 3.0 x 1.0 x 0.1 m incorporating WG was placed 

while using a vertical rotating action mixer, with no pozzolan such as fly ash added to test 

whether ASR gel would form without a suppressant.  A section of the sidewalk 35 months 

after being placed is shown in Figure 8.6, with no surface deterioration seen.  The slump 

and air content were 120 mm and 5.1% respectively.  This WG concrete did have a high 

28-day compressive strength of 30.4 MPa, and after 35 months the compressive strength 

reached 32.1 MPa.  However this high compressive strength was due to extra cement of 

approximately 30 kg/m
3
 being added. 

 



Nasser Almesfer 

157 

 

 

 

 

Figure 8.6:  Section of sidewalk containing WG 

 

There was no sign of any ASR gel formation in the examined cores after 35 months, as 

illustrated in Figure 8.7.  There was no sign of ASR gel at the perimeter of the glass 

particles, and neither was there any noticeable cracking that may be associated with any 

distress due to ASR.   

 

 

  

Figure 8.7:  FE-ESEM images of the morphology of cores taken from the WG sidewalk 
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A summary of the aforementioned results is presented in Table 8.3 below. 

 

Table 8.3: Summary of project results 

Project 
Project 

start date 

Concrete 

mix 

Slump 

(mm) 

Air 

content 

(%) 

Compressive 

strength 

1 - Cattle yard 20/01/2010 WLP 140 9.0 

 7-day: 14.7 MPa, 28-

day: 22 MPa, 30-

months: 22.6 MPa  

2 - Driveway 15/04/2010 WLP 120 5.8 

 7-day: 14.6 MPa, 28-

day: 19.4 MPa,  28-

months: 23.1 MPa    

3 - Driveway 12/04/2010 WG 110 No data  28-day:  17.8 MPa   

4 - Sidewalk 11/09/2009 WG 120 5.1 
28-day: 30.4 MPa, 35-

months: 32.1 MPa  

 

8.4 Conclusion 

 

This study investigated the use of WLP and WG in low strength commercial concrete 

applications.  WLP was used as a partial replacement for mixing water and as a 

replacement for the water-reducing and air-entraining admixtures, while WG was used as 

a partial replacement of the natural coarse and fine aggregates in concrete.  The 

motivation behind this investigation was to test problematic waste streams in a 

commercial concrete application.  Four concrete projects incorporating WLP or WG were 

investigated.  Properties of the concrete tested include slump, air content, compressive 

strength, and durability related to ASR. 

 

Unless an antifoaming agent was used, WLP was found to entrain excess air into the 

concrete, which also further decreased the compressive strength of the concrete.  In terms 

of placing, compaction and setting, WLP concrete was found to be similar to 

conventional concrete, while workability and bleeding characteristics were improved.  

WLP concrete generally had reduced compressive strength, although there was no 

noticeable deterioration on the WLP concrete after 30 months. 

 

The WG concrete showed a more significant reduction in compressive strength when 

compared to WLP concrete, whilst also being harder to finish.  In terms of ASR, WG 

concrete with and without a pozzolan showed no signs of ASR after 35 months.  As a 
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precaution and until more ASR testing can verify no formation of ASR gel in the future, 

pozzolans should still be incorporated with WG concrete, especially if the WG particles 

are similar to the size used in this study.   

 

This study will hopefully give more confidence to customers using waste materials such 

as WLP and WG in concrete and help to establish a stronger market presence for waste 

materials in concrete.  Due to the limited scope of this study, more field trials are 

currently being conducted to gain more technical data, while additional ASR testing will 

still be required in the future on WG concrete projects. 
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CHAPTER 9 

SUMMARY OF CONCLUSIONS 

 

 

 

 

 

 

 

 

 

The principle objective of this doctoral research was to assess the viability of concrete 

that utilised waste latex paint (WLP) as a replacement for conventional water-reducing 

and air-entraining admixtures and as a partial replacement for mixing water, and utilised 

crushed waste glass (WG) as a partial replacement for natural coarse and fine aggregates.  

This thesis includes findings on the viability of this concrete, which was assessed by 

conducting various fundamental fresh and hardened concrete-related tests in the 

laboratory and in the field.  Lab-based trials were undertaken to determine possible 

concrete mix designs with the potential of being carried forward in commercial 

applications, to achieve desired performance requirements. 

 

This doctoral research was motivated by the available resource of WLP in New Zealand 

and the goal of exploiting similarities between the chemical compositions of WLP and 

polymeric admixtures used in conventional concrete, and secondly to effectively utilise 

the available resource of crushed WG, due to the stockpiles of WG located throughout 

New Zealand that are awaiting disposal or recycling.  An extensive literature review 

indicated that currently there is a lack of research concerning the use of WLP in concrete, 
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compared to the vast amount of research conducted on the use of virgin polymer latex in 

concrete, also known as polymer-modified concrete (PMC).   From a review of prior 

studies that focused on the use of WLP in concrete and PMC, it was found that concrete 

with WLP has similar properties to PMC, such as improved workability and durability.  

With regards to the use of crushed WG in concrete, literature generally indicated that the 

larger the size of the glass particles used in concrete, the more harmful the effects are on 

concrete properties with regards to workability, air content, strength, and especially the 

alkali-silica reaction (ASR), with the main hindrance to using WG in concrete being ASR.  

The conclusions arising from this doctoral research into the assessment of concrete that 

utilises WLP and WG are summarised below. 

 

Waste paint as an admixture in concrete 

 

The initial trial using WLP in concrete (Chapter 4) was based on testing different dosages 

of paint in concrete designed for block-fill use, and to determine the viability of WLP as a 

replacement for conventional chemical admixtures.  In the absence of conventional 

admixtures it was determined that WLP dosages of 8 - 12% replacement of water by mass  

led to optimal material properties of block-fill compressive strength, tensile strength and 

workability, while an increase in mix water content ensured a more uniform distribution 

of WLP within the mix, leading to maintained compressive strength without excessive air 

entrainment.  WLP was found to improve the workability and rheology of masonry block-

fill, resulting in an increase in spread and a significant decrease in viscosity and 

separation, and hence WLP was found to be viable as a replacement for conventional 

chemical admixtures.  

 

Effect of waste latex paint on concrete 

 

Additional testing and analysis were undertaken to confirm the aforementioned results 

and also to understand the effects of WLP on concrete performance requirements such as 

long-term durability.  Fresh, mechanical, and durability properties of concrete 

incorporating WLP at various proportions were investigated (Chapter 5), with the use of 

WLP in concrete found to improve workability based on slump loss, but to detrimentally 

decrease the compressive strength.  The compressive strength of concrete utilising WLP 
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at a dosage of 12 L/m
3
 (approximately 12% replacement of water by mass) was found to 

satisfy compressive strength requirements.  A performance-based curing regime allowing 

the WLP to initially dry resulted in a slight increase in the compressive strength of 

concrete utilizing WLP, when compared to using a conventional curing regime which 

would not give the WLP an opportunity to initially dry.  WLP did not considerably affect 

the tensile strength of conventional concrete and slightly enhanced the durability 

characteristics.   

 

A concrete phase analysis based on X-ray diffraction, spectroscopy, and 

thermogravimetry indicated that the addition of WLP does not cause the formation of any 

new products, but rather alters the quantity of hydrates, especially portlandite.  The 

microstructure of WLP concrete was not as dense as the microstructure of conventional 

concrete, possibly due to the cement hydration process being delayed by the WLP and not 

coagulating.  It appeared that concrete with 12 L/m
3
 of WLP is appropriate for use in non-

structural 20 MPa applications such as footpaths and driveways.  The analysis of WLP 

samples throughout the course of this doctoral research generally provided consistent 

results with regards to WLP properties such as pH, viscosity, polymer type and content, 

and pigment types and content. 

 

Effect of waste glass on the properties of concrete 

 

The use of WG as a partial replacement (20% by mass) for natural coarse and fine 

aggregates in concrete was investigated.  Fundamental concrete properties including air 

content, compressive strength, flexural strength, and potential for alkali-silica reaction 

were tested to understand the potential for WG to be utilised in concrete.  The WG tested 

was found to slightly increase the air content of concrete, and significantly decrease the 

compressive strength and flexural strength of concrete in the absence of supplementary 

cementitious materials such as fly ash or microsilica.  The use of microsilica was found to 

be useful for increasing the long-term strength of concrete utilising WG whilst also 

maintaining the flexural strength.  With regards to the alkali-silica reaction, WG was 

found to be a highly reactive aggregate.  However the use of fly ash or microsilica 

resulted in a significant decrease of the ASR expansion.  It was considered necessary to 
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incorporate microsilica in concrete incorporating WG, especially with regards to 

suppressing ASR and improving strength.  

 

Effect of waste glass and waste latex paint on hardened concrete properties 

 

The hardened properties of concrete incorporating WG as a partial replacement for coarse 

and fine natural aggregates, and when combined with the addition of WLP were 

investigated.  The potential for WLP to suppress ASR was also investigated.  Similar to 

the results reported earlier, it was established that the WG generally had a negative 

impact on all the tested parameters of concrete, including air content, strength, and ASR.  

The use of microsilica was found to potentially enhance the long-term compressive 

strength and to maintain the flexural strength of WG-WLP concrete, whereas the use of 

fly ash decreased the compressive strength and flexural strength.  Fly ash and particularly 

microsilica were effective in reducing the ASR expansion of WG-WLP concrete.  WLP 

slightly increased the air content of the concrete and had a positive effect on the strength 

of WG-WLP concrete.  However WLP had a negative effect on ASR (increased ASR 

expansion), with confirmation from images of the WG-WLP concrete matrix taken using 

a scanning electron microscope.  It was established that if the WG was to be used in 

concrete with WLP, then microsilica would be required to not only suppress ASR, but 

was also required for long-term strength development.   

 

Field evaluation of concrete that utilises waste paint and waste glass 

 

Lastly, the use of WLP and WG in low strength commercial concrete applications was 

investigated.  Four concrete projects incorporating WLP or WG were investigated. 

Properties of the concrete tested included slump, air content, compressive strength, and 

durability related to ASR.  Unless an antifoaming agent was used, WLP was found to 

entrain excess air into the concrete, which also further decreased the compressive strength 

of the concrete.  In terms of placing, compaction and setting, WLP concrete was found to 

be similar to conventional concrete, while workability and bleeding characteristics were 

improved.  WLP concrete generally had reduced compressive strength, although there had 

been no noticeable deterioration on the WLP concrete projects after 30 months.  The WG 

concrete showed a more significant reduction in compressive strength when compared to 
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WLP concrete, whilst also being more difficult to finish.  In terms of ASR, WG concrete 

with and without a pozzolan showed no signs of ASR after 35 months.  As a precaution 

and until more ASR testing can verify no formation of ASR gel in the future, pozzolans 

should still be incorporated with WG concrete, especially if the WG particles are similar 

to the size used in the concrete projects investigated.  The concrete projects undertaken as 

part of this doctoral investigation will hopefully give more confidence to customers using 

waste materials such as WLP and WG in concrete and help to establish a stronger market 

presence for waste materials in concrete.  Due to the limited scope of this study, more 

field trials are currently being conducted to gain more technical data, while additional 

ASR testing will still be required in the future on WG concrete projects. 

 

Overall, based on the aforementioned conclusions, the objectives of this research were 

achieved by demonstrating the viability of using WLP in concrete and using WG in 

concrete, and demonstrating that concrete with 12 L/m
3
 of WLP was appropriate for use 

in non-structural 20 MPa applications such as footpaths and driveways.  However the WG 

used in this study was found to be a highly reactive aggregate and unsuitable for use in 

concrete, until further verification is undertaken with field studies. 

  

9.1 Future direction and recommendations 

 

There remains considerable scope for further research to advance the understanding of the 

performance of concrete that utilises WLP and WG.  To facilitate future research 

direction, a set of recommendations is provided below: 

 

 Most available literature accepts the assumption that cement hydration and 

polymer film formation proceed simultaneously in PMC, and that the polymer 

film is deposited at the interface of the aggregates and bulk polymer-cement 

phase.  However further work and verification is required on the exact position of 

the polymers and pigments from WLP within the cement matrix, and their effects 

on the porosity of concrete. 

 Most literature reports on accelerated laboratory based ASR test results, rather 

than long-term ASR test results from field trials.  The ASR potential of WG needs 

to be analysed using methods other than the conventional accelerated ASR tests 
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by conducting more field trials on concrete with WG and continually testing for 

ASR at stipulated times after the WG concrete is placed.  This method will give 

the most reliable results based on the exact concrete mix design used, rather than 

the modified concrete mixes used in accelerated laboratory ASR tests. 

 Additional analysis needs to be conducted to understand the chemical effect that 

WLP has on WG and ASR, which is based on the negative effect of WLP on ASR 

in concrete containing WG. 

 The dosage rate of WLP in concrete can possibly be modified to optimise other 

concrete properties such as durability of concrete, which is generally one of the 

advantages of using PMC compared to conventional concrete, and hence research 

into the effect of using higher dosages of WLP in concrete to possibly enhance the 

durability of conventional concrete may be worthwhile. 

 Trials on concrete using lower WLP dosages than those reported in this thesis are 

required in order to understand if there is more potential in using WLP in concrete 

when the WLP dosage is a minimum (compared to 12 L/m
3
 of concrete), whilst 

still allowing all the WLP collected every year to be used in concrete.  Lower 

WLP dosages potentially have a reduced negative impact on concrete, and hence 

the concrete manufacturer would be taking less risks and customer confidence in 

the use of WLP in concrete can potentially increase. 

 Trials on concrete using powdered waste glass are required.  Reported findings in 

the literature that is reviewed in this thesis has indicated that there is a reduction in 

the negative impact on concrete properties when using powdered glass compared 

to using glass as a fine aggregate replacement.  Hence many issues reported in this 

thesis due to the use of glass as a fine aggregate replacement may potentially be 

overcome if powdered glass was used. 
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APPENDIX A 

FIELD TRIALS WITH CONCRETE 

UTILISNG WASTE PAINT AND 

WASTE GLASS 

 

 

 

 

 

In addition to the field trials mentioned earlier in Chapter 8, this appendix contains a 

summary of field trials carried out throughout this doctoral study.  This summary contains 

results of the slump, air content, and compressive strength, along with photographs of 

each trial.  These field trials were carried out in order to test concrete that utilised waste 

latex paint (WLP) and waste glass (WG) whilst using commercial facilities to produce the 

concrete, rather than only testing concrete that utilised WLP and WG and was 

manufactured in the laboratory.  The benefits of these field trials include: 

 

 Gaining an understanding of the issues associated with producing concrete that 

utilised WLP and WG, such as ensuring that the concrete truck bowl (or central 

concrete mixer) was properly washed-out with water following the production of 

concrete with WG.  This wash-out ensured that subsequent conventional concrete 

mixes were not contaminated with the WG. 

 Being able to gain feedback from workers producing the concrete, based on the 

effects of the WLP and WG on the fresh concrete properties. 
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 Allowing the concrete to be used in-service, which helped to gain an 

understanding of the viability of using concrete whilst utilising WLP and WG.  

 Gaining feedback from concrete placers, such as how easy the concrete was to 

place and finish and the concrete setting time.  This feedback from the concrete 

placers allowed the concrete mixes to be improved for subsequent field trials.  

 Testing concrete containing WG for alkali silica reaction (ASR) when subjected to 

‘real-world’ conditions, rather than depending on the accelerated laboratory based 

ASR standard methods to test the concrete. 

 

A.1 Field trials of concrete containing WLP 

 

The field trials undertaken throughout this doctoral study using concrete that contained 

WLP are summaried in Table A-1 below, along with the location, concrete plant used to 

batch the concrete, and the size of the concrete pour.  The test results for each trial 

including concrete slump, air content, and compressive strength are also included.   

 

Table A-1:  Field trials with concrete containing WLP 

Date Location 
Concrete 

plant 

Size 

(m
3
) 

Mix 
Slump 

(mm) 

Air 

content 

(%) 

Compressive 

strength 

12/12/11 
151 Longlands 

Road, Hastings 

Firth 

Awatoto 
2.3 

12L/m
3
 paint (100 

- 1.5% def* v/v)  
160 - 

 7-day: 11.5 

MPa, 28-day 

(W
#
): 17.6 MPa  

21/05/12 
Warehouse 

Silverdale 

Firth 

Silverdale 
1 

12L/m
3
 paint (100 

- 2.75% def v/v)  
100 4.2 

 7-day: 16.5 

MPa, 28-day 

(W): 24.3 MPa  

27/07/12 
Warehouse 

Silverdale 

Firth 

Silverdale 
25.8 

12L/m
3
 paint (100 

- 2.75% def v/v)  
110 4.8 

28-day (W): 

25.4 MPa 

7/09/12 
Warehouse 

Silverdale 

Firth 

Silverdale 
15 

12L/m
3
 paint (100 

- 2.75% def v/v)  
120 3.3 

 7-day: 14.8 

MPa, 28-day 

(W): 22.7 MPa  

10/09/12 
Warehouse 

Silverdale 

Firth 

Silverdale 
9.8 

12L/m
3
 paint (100 

- 2.75% def v/v)  
120 4.0 

 7-day: 19.9 

MPa, 28-day 

(W): 26.0 MPa  

11/09/12 
Warehouse 

Silverdale 

Firth 

Silverdale 
20.6 

12L/m
3
 paint (100 

- 2.75% def v/v)  
150 3.0 

 7-day: 18.4 

MPa, 28-day 

(W): 25.6 MPa  

17/09/12 
Warehouse 

Silverdale 

Firth 

Silverdale 
31.6 

12L/m
3
 paint (100 

- 2.75% def v/v)  
120 6.5 

 7-day: 14.8 

MPa, 28-day 

(W): 19.9 MPa  

21/09/12 
Warehouse 

Silverdale 

Firth 

Silverdale 
10 

12L/m
3
 paint (100 

- 2.75% def v/v)  
130 5.0 

 7-day: 21.5 

MPa, 28-day 

(W): 27.5 MPa  

* = Defoaming agent.  # = Standard wet curing. 
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A.1.1 Longlands Road, Hastings 

 

Figure A-1 below shows a concrete slab containing WLP and black oxide, which had a 

low 28-day compressive strength of 17.6 MPa, attributable to the high slump of 160 mm 

due to the excess mix water added during production at the concrete plant. 

 

 

Figure A-1:  Finished WLP concrete slab containing black oxide 

 

A.1.2 Warehouse Silverdale, Auckland 

 

The Warehouse Silverdale concrete pour consisted of placing a total of 113.8 m
3
 of 

concrete containing WLP.  The concrete used was independently tested and verified for 

use by the concrete producer, with all aspects of the concrete being satisfactory, including 

air content and strength.  Photographs taken during this field trial are shown in Figure A-2. 
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(a)  WLP footpath at main entrance to the Warehouse in Silverdale 

 

 

(b)  WLP footpath being placed at the main entrance to the Warehouse in Silverdale 

 

Figure A-2:  WLP concrete placed at the Warehouse in Silverdale 
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(c)  WLP concrete being finished at the Warehouse in Silverdale 

 

 

(d)  WLP concrete being finished at the Warehouse in Silverdale (2) 

 

Figure A-2:  WLP concrete placed at the Warehouse in Silverdale (Continued) 
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(e)  WLP concrete footpath one month after being placed 

 

Figure A-2:  WLP concrete placed at the Warehouse in Silverdale (Continued) 

 

 

 

A.2 Field trials of concrete containing WLP and WG 

 

The field trials undertaken throughout this doctoral study using concrete that contained 

both WLP and WG are summaried in Table A-2 below, along with the location, concrete 

plant used to batch the concrete, and the size of the concrete pour.  The test results for 

each trial are also included, including concrete slump, air content, and compressive 

strength. 
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Table A-2:  Field trials with concrete containing WLP and WG 

Date Location 
Concrete 

plant 

Size 

(m
3
) 

Mix 
Slump 

(mm) 

Air 

content 

(%) 

Compressive 

strength 

10/03/10 

306, 308, and 

310 Nottingley 

Road, Hastings 

- Phase 1 

Firth 

Awatoto 
17 

12L/m
3
 paint 

(9010 - 1% def* 

v/v), 20% glass 

80 4.2 

 7-day: 15.4 

MPa, 28-day 

(W
#
): 26 MPa  

18/03/10 

542 and 604 

Nottingley 

Road, Hastings 

- Phase 2 

Firth 

Awatoto 
17 

12L/m
3
 paint 

(9010 - 1% def 

v/v), 20% glass 

125 5.7 

 7-day: 12 MPa, 

28-day (W): 

21.6 MPa  

31/05/10 

Cnr Nottingley 

and Barcroft 

Road, Hastings 

- Phase 3 

Firth 

Awatoto 
7.4 

12L/m
3
 paint 

(9010 - 1% def 

v/v), 20% glass 

140 5.3 

 7-day: 13.2 

MPa, 28-day 

(W): 19.5 MPa, 

28-day (WD^):  

22.5 MPa      

10/06/10 

Cnr Lumsden 

and Outram 

Street, 

Hastings 

Firth 

Awatoto 
7.2 

12L/m
3
 paint 

(9010 - 1% def 

v/v), 20% glass 

100 - 

 7-day: 12.7 

MPa, 28-day 

(W): 18.2 MPa  

26/07/10 

Buckley Ave, 

Hobsonville, 

Auckland 

Firth 

Albany 
15 

12L/m
3
 paint (100 

- 4% def v/v), 20% 

glass, 20% flyash 

100 2.5 

 7-day: 14.6 

MPa, 28-day 

(W): 24.7 MPa  

29/07/10 

Buckley Ave, 

Hobsonville, 

Auckland 

Firth 

Albany 
18 

12L/m
3
 paint (100 

- 4% def v/v), 20% 

glass 

100 4.0 

 7-day: 12.5 

MPa, 28-day 

(W): 19.5 MPa  

30/07/10 

Buckley Ave, 

Hobsonville, 

Auckland 

Firth 

Albany 
20 

12L/m
3
 paint (100 

- 4% def v/v), 20% 

glass 

- 2.8 

 7-day: 13.2 

MPa, 28-day 

(W): 21.3 MPa  

12/08/10 

Buckley Ave, 

Hobsonville, 

Auckland 

Firth 

Albany 
20 

12L/m
3
 paint (100 

- 4% def v/v), 20% 

glass, 10% lime 

80 3.0 

 7-day: 14.3 

MPa, 28-day 

(W): 20.5 MPa  

26/08/10 

Buckley Ave, 

Hobsonville, 

Auckland 

Firth 

Albany 
9.8 

12L/m
3
 paint (100 

- 4% def v/v), 20% 

glass, 10% lime 

120 6.3 

 7-day: 10.1 

MPa, 28-day 

(W): 15.2 MPa  

* = Defoaming agent.   # = Standard wet curing.  ^ = Wet-dry curing (refer to section 2.3.2).  
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A.2.1 Nottingley Road, Hastings 

 

A total of 41.4 m
3
 of concrete containing both WLP and WG was used in footpaths 

alongside Nottingley Road in Hastings.  The air content and strength requirements were 

satisfied, although there was difficulty encountered during the finishing process, 

attributable to contaminants within the WG, such as plastic and paper.  Figure A-3 shows 

the Nottingley Road concrete footpaths being placed. 

 

 

 (a)  WLP and WG concrete being poured 

 

Figure A-3:  WLP and WG concrete being placed alongside Nottingley Road 
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(b)  Nottingley Road footpath and driveway being placed 

 

 

(c)  Finished Nottingley Road footpath 

 

Figure A-3:  WLP and WG concrete being placed alongside Nottingley Road (Continued) 
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(d)  Nottingley Road footpath plaque 

 

 

(e)  WLP and WG concrete footpath being placed at the corner of Nottingley Road and Barcroft 

Road 

 

Figure A-3:  WLP and WG concrete being placed alongside Nottingley Road (Continued) 
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(f)  WLP and WG concrete footpath at the corner of Nottingley Road and Barcroft Road 

 

Figure A-3:  WLP and WG concrete being placed alongside Nottingley Road (Continued) 

 

A.2.2 Lumsden Road, Hastings 

 

7.2 m
3
 of concrete containing both WLP and WG was placed in footpaths beside 

Lumsden Road in Hastings, as shown in Figure A-4.  After 15 months from the time 

when the concrete was placed, WG particles could be seen on the concrete surface due to 

surface abrasion of the low strength concrete. 
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(a)  Finished Lumsden Road footpath 

 

 

(b)  Hardened Lumsden Road footpath 15 months after being placed 

 

Figure A-4:  Lumsden Road footpath containing both WLP and WG 
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A.2.3 Buckley Avenue, Auckland 

 

A total of 82.8 m
3
 of concrete containing both WLP and WG was placed for footpaths 

along Buckley Avenue in Hobsonville, Auckland, utilizing approximately 1000 litres of 

WLP and 35 tonnes of WG.  Photographs taken during this field trial are shown in Figure 

A-5. 

 

 

 (a)  Finished WLP and WG concrete in-front of the Catalina Café 

 

Figure A-5:  Buckley Avenue concrete containing WLP and WG 
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(b)  Hardened WLP and WG concrete in-front of the Catalina Cafe 

 

 

 

(c)  Hardened WLP and WG concrete footpath along Buckley Avenue 

 

Figure A-5:  Buckley Avenue concrete containing WLP and WG (Continued) 
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(d)  Buckley Avenue footpath 15 months after being placed, showing surface of glass particles 

following concrete surface abrasion 

 

Figure A-5:  Buckley Avenue concrete containing WLP and WG (Continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A:  Field trials with concrete utilising waste paint and waste glass 

184 

 

 

 

 



Nasser Almesfer 

185 

 

 

APPENDIX B 

EFFECT OF SODIUM SILICATE 

CONCENTRATION ON PROPERTIES 

OF ALKALI-ACTIVATED SLAG 

UNDERGOING CARBONATION 

 

 

 

 

Testing is reported of three alkali-activated slag (AAS) mortar mixes using sodium 

silicate powder activator, plus an ordinary Portland cement (OPC) control mortar mix.  

The variable tested was the mixing ratio of sodium oxide (Na2O) from the activator to the 

GGBS.  Mortar specimens were prepared and tested for compressive strength, 

carbonation, and dehydration, while mineralogical and microstructural characterisation of 

specimens prior to and after carbonation was also conducted.  Test results showed that the 

properties tested were all significantly dependant on the Na2O mixing ratio.  Carbonation 

was more intense in AAS mortar, with the higher calcium content of OPC generating 

additional calcite following carbonation, producing a higher compressive strength for the 

carbonated OPC sample, while AAS degraded following carbonation because of a loss in 

matrix cohesion due to more significant C-S-H decalcification than in OPC. 
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B.1 Introduction 

 

Alkali-activated binders are a class of building materials that incorporate a clinker-free 

binder associated with low energy consumption and low carbon dioxide (CO2) emissions 

(Bernal et al., 2011).  Alkali-activated binders are also known as geopolymers, and are 

produced by mixing an aluminosilicate source material with an alkali solution, promoting 

dissolution and consequent polycondensation of the silicate and aluminate species in the 

source material.  Alkali-activated binders based on ground granulated blast-furnace slag 

(GGBS) represent a potentially sustainable alternative option to the use of ordinary 

Portland cement (OPC), using by-products of the industrial steel manufacturing process.  

The alkalis are used to stimulate dissolution of the slag and promote the formation of 

mainly calcium silicate hydrates incorporating large amounts of aluminium (C-(A)-S-H), 

with the reactivity of the slag depending on mineral composition, the fineness of the slag 

and on the type and concentration of the alkali activator (Bernal et al., 2011; Bernal et al., 

2012; Ben Haha et al., 2012).  Silicate-activated slag binders exhibit high mechanical 

strength and reduced permeability which is associated with a stable and dense structure, 

when compared to binders produced with hydroxide, carbonate, and sulfate based 

activators (Bernal et al., 2011; Bernal et al., 2012). 

 

Durability is one of the most important properties of cementitious materials, and 

inhibiting a phenomenon referred to as carbonation is critical to ensure satisfactory 

durability.  The overall rate of carbonation is controlled by the physical properties of the 

solid binder, and in particular the porosity and pore size distribution of the material 

(Puertas et al., 2006; Bernal et al., 2010).  Carbonation is a neutralizing process that 

initiates with atmospheric CO2 diffusing through the solid binder phase of a cementitious 

material and dissolving in the pore water to form carbonic acid.  Carbonic acid may then 

attack calcium-containing phases, initially reacting with Ca(OH)2 and then with calcium 

silicate hydrate (C-S-H), to form calcium carbonate (CaCO3) and water.  In the long-term 

this reaction leads to a reduction in the hydroxide concentration of the pore solution and 

reduced passivity of any embedded reinforcing steel (Puertas et al., 2006; Bernal et al., 

2010; Chang and Chen, 2006).  
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Previous studies have reported that alkali-activated slag (AAS) is more prone to 

carbonation than is OPC, due to differences in the microstructure and mechanism of 

degradation, however this does depend on the activator used (Puertas et al., 2006; 

Bakharev et al., 2001).  Bakharev et al. (2001) found that AAS concrete had lower 

resistance to carbonation than that of OPC concrete, with AAS concrete also exhibiting 

greater strength reduction following carbonation.  Puertas et al. (2006) found that 

carbonation is deeper and more intense in AAS mortar than in OPC mortar, with AAS 

carbonation causing decalcification of C-S-H regardless of the type of activator used, 

leading to a loss of cohesion in the C-S-H matrix and an increase in porosity, and hence a 

decrease in mechanical strength.  In agreement with the aforementioned results, Palacios 

et al. (2006) suggested that the carbonation mechanism is not the same in OPC and alkali-

activated slag binders as a consequence of the differences between the reaction products 

of both systems, while Bernal et al. (2011) concluded that although higher susceptibility 

to carbonation has been identified in AAS, and improved resistance to carbonation can be 

obtained by controlling the mix design.  

 

The presented study investigated the effects of a key parameter on the carbonation of 

AAS mortar, being the mixing ratio by weight of sodium oxide (Na2O) within a sodium 

silicate activator to GGBS.  Compressive strength, carbonation depth, and dehydration of 

AAS mortar mixes combining different Na2O/GGBS ratios were evaluated, while the 

nature of the different hydrates prior to and after carbonation were investigated with 

assistance from thermogravimetric analysis (TGA), X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR), and a field emission scanning electron 

microscope (FE-SEM).  

 

B.2 Materials 

 

Both OPC and GGBS were used individually as the source materials, with the Blaine 

fineness of the OPC used as the reference cementitious material being a locally and 

commercially available 3000 cm
2
/g class, whereas the Blaine fineness of the GGBS tested 

was a commercially available 4000 cm
2
/g class.  Sodium silicate in powder form was 

used as the alkali activator.  The chemical compositions of the source materials and 
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activator in this study were analyzed using X-ray fluorescence (XRF) as shown in Table 

B-1, while the XRD pattern of the GGBS used in this study is displayed in Figure B-1.   

 

The GGBS used was mainly composed of calcium, silica, alumina, and magnesium oxide.  

The XRF analysis of the GGBS showed molar calcium/silica, calcium/alumina, and 

silica/alumina ratios of 1.23, 3.22, and 2.61 respectively. The most abundant phase 

identified using XRD was dicalcium silicate, followed by spinel and traces of merwinite.  

The sodium silicate powder used as the alkali activator was composed of 50.2% sodium 

oxide (Na2O) and 45% silicon oxide (SiO2), producing a molar ratio (Na2O/SiO2) of 0.9.  

Locally available dry sand was used as the fine aggregate, with a specific gravity, 

grading, and maximum particle size of 2.54, 2.97, and 5 mm, respectively. 

   

Table B-1:  Chemical composition of the source materials and alkali activator used (% by mass) 

Materials 

Blaine 

fineness 

(cm
2
/g) 

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 SO3 

OPC 2800 20.88 5.39 2.38 64.73 1.51 0.22 0.27 1.33 1.65 

GGBS 4204 33.58 12.70 0.31 42.09 4.62 0.35 0.20 0.62 4.83 

Sodium silicate - 45 - - - - - 50.2 - - 

 

 

 

Figure B-1:  XRD diffraction pattern of GGBS used. 
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B.3 Experimental methods 

 

B.3.1  Mix proportions 

 

An OPC control mix and three alkali-activated slag (AAS) mixes were prepared for 

testing.  Details of the mixing proportions are shown in Table B-2.  The variable tested 

was the ratio of sodium oxide (in the added sodium silicate powder) to GGBS by weight, 

notated as the Na2O/GGBS ratio.  Na2O/GGBS ratio in the present study ranged between 

0.03 and 0.09.  A water /binder ratio and sand/binder ratio of 0.5 and 2.45 was 

respectively used for all mortar mixes, without the use of a water-reducing agent.   

 

Table B-2:  Mortar mix proportions 

Mix 

Binder 

Na2O/GGBS Water/binder Sand/binder Source 

Material 

Fineness 

(cm
2
/g) 

Activator 

A OPC 3000 - - 

0.5 2.45 
B 

GGBS 4000 Sodium silicate 

0.03 

C 0.05 

D 0.07 

 

B.3.2 Casting and curing of test specimens 

 

The source material, activator (only for the GGBS mixes), and water were firstly mixed 

for 1 minute, and then sand was added and the combination was mixed for a further 2 

minutes.  After mixing, each mix was poured into 50 x 50 x 50 mm moulds to enable the 

measurement of compressive strength, dehydration, and carbonation.  Immediately after 

casting, all specimens were cured at room temperature with a constant relative humidity 

of 70 ± 5%, demoulded after 3 days and left to cure until testing. The test procedure for 

compressive strength was performed according to the Korean Industrial Standard (2006) 

specifications for testing OPC mortar.     
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B.3.3 Accelerated carbonation 

 

After the mortar specimens had cured for 14 days, the specimens that were required to 

undergo accelerated carbonation testing were transferred to an accelerated carbonation 

testing system and exposed to carbonation at 20 
o
C in temperature, 60% relative humidity 

and a CO2 concentration of 4% by volume.  To perform the carbonation measurements, 

the specimens were removed from the carbonation chamber after 7, 14, and 21 days of 

exposure.  Carbonation was measured by spraying the surface of a freshly fractured 

specimen with a 1% phenolphthalein in alcohol solution.  In the non-carbonated part of 

the specimen where the mortar is still highly alkaline (pH > 11.5), a magenta colour is 

obtained, while no colour is observed in the carbonated region where the alkalinity is 

reduced (pH < 9).  The average depth of the carbonated phenolphthalein colourless region 

was measured from the centre of each cube face at four points per sample, using two 

replicate samples.  Mortar specimens were also tested for compressive strength using a 

universal testing machine (UTM) after the 14 days curing, at intervals of 7, 14, and 21 

days. The properties of non-carbonated mortar specimens left in the curing chamber were 

used as reference values. 

 

B.3.4 Dehydration 

 

Mortar specimens were oven dried at an operating temperature of 105±1 
o
C for 24 hours, 

to measure both the weight change and compressive strength as an indicator of the 

performance of different mortar mixes at elevated temperatures, and to determine the 

effect of dehydration on the disintegration and strength loss of mortar.  

 

B.3.5 Hydrates and microstructure 

 

Carbonated and non-carbonated mortar mixes were examined after carbonated specimens 

were exposed to carbonation for a period of one week, and tested for the following: 

 X-ray diffraction, carried out on a PANalytical X’PERT Pro MPD diffractometer, to 

record diffractograms in the 2θ range 15-55
o
. 
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 Fourier transform infrared (FTIR) spectroscopy, performed using a Thermo Electron 

Nicolet 8700 FTIR spectrometer.  The spectral analysis was performed in the range 

4000 to 400 cm
-1

 with a spectral resolution of 1 cm
-1

.   

 Thermogravimetry (TGA/DTG), using a thermogravimetric analysis instrument with 

the temperature set to increase at a rate of 10 
o
C/min from room temperature to 1000 

o
C.  The rate of weight loss as a function of temperature indicated by a 

thermogravimetric curve was recorded and used to provide quantitative and 

qualitative information such as the thermal decomposition of CaCO3, which is a 

product of carbonation. When a concrete specimen is heated to 1000 
o
C using a 

thermogravimetric analysis instrument the relationship between the temperature and 

the weight loss of the specimen is similar to a thermogravimetric (TG) curve showing 

the percentage change in weight as the temperature increases. The first derivative of 

the TG curve with respect to temperature is a differential thermogravimetric (DTG) 

curve (Chang and Chen, 2006).   

 Fracture surface specimens obtained from non-carbonated and carbonated mortar 

samples fractured during mechanical testing were attached with carbon tape to 

aluminum plates after being sputter coated with platinum for analysis with a Quanta 

200 FEG scanning electron microscope (FE-SEM). 

 

B.4 Results and discussion   

 

B.4.1 Compressive strength 

  

The effect of the Na2O/GGBS ratio on the compressive strength of AAS mortar is in 

agreement with results reported by Yang and Song (2009), as shown is Figure B-2, where 

the increase in Na2O/GGBS ratio resulted in a significant increase in the compressive 

strengths of the GGBS mixes, however over the time period tested, there was negligible 

compressive strength development, as peak compressive strength had already been 

obtained.  The non-carbonated OPC mortar mix exhibited compressive strengths of up to 

22 MPa, while the non-carbonated mortars formulated with alkali-activated GGBS 

exhibited higher strengths of up to 37 MPa.   
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Figure B-2:  Compressive strength of non-carbonated mortar mixes. 

 

B.4.2 Carbonation 

 

The carbonation depth measured in the mortar mixes over the time of exposure is 

presented in Figure B-3, showing that an increase in Na2O/GGBS ratio decreased the 

ingress of carbonation.  It can also be seen in Figure B-3 that the rate of carbonation over 

time in the OPC mortar mix tended to decrease, while carbonation in the AAS mortar 

mixes increased significantly over time.   

 

 

Figure B-3:  Depth of carbonation in mortar mixes. 

 

While there were no visible signs of deterioration on the surface of the carbonated 

specimens, there was a reduction in compressive strength for all AAS mortar specimens, 
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while the carbonated compressive strength of the OPC mix increased, as shown in Figure 

B-4.   When calcium ions reacts with CO2, calcium carbonate (CaCO3) precipitates form, 

decreasing the diffusivity of the mortar matrix, even though porosity in the interior 

regions may increase, and reducing further carbonation.  OPC paste contains more 

calcium than does AAS paste, from C3S (tricalcium silicate), C2S (dicalcium silicate), C-

S-H (calcium silica hydrate), and Ca(OH)2 (calcium hydroxide) phases.  AAS mortar 

contains less calcium than does OPC mortar and deposits of calcium carbonate are 

significantly less, hence why AAS is more vulnerable to carbonation than is OPC mortar 

(Bakharev et al., 2001).  Ca(OH)2 also plays a buffering role by releasing hydroxide into 

the pore solution as the pH of the mortar matrix begins to decrease, even though at some 

point the Ca(OH)2 will become depleted and no longer be available to maintain this 

buffering.  This depletion indicates that the binder chemistry is more critical to 

carbonation resistance than is the pore network of the mortar matrix, and that carbonation 

is not solely diffusion-controlled (Bernal et al., 2011). 

 

 

 

Figure B-4:  Ratio of carbonated (C)/non-carbonated (NC) compressive strength. 

 

The Na2O/GGBS ratio proved to be a significant variable, with an increase in the 

Na2O/GGBS ratio reducing strength loss due to carbonation, which is in correlation with 

the carbonation depth of each mix.  The ratio of carbonation depths and carbonated/non-

carbonated compressive strength shown in Figure B-3 and Figure B-4 correlated well, in 

that the compressive strength of fully-carbonated mixes does not appear to be further 

degraded by longer exposure to CO2, which is also in agreement with the results reported 
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by Bernal (2009).  The relatively poor performance of the AAS mortar mixes in 

comparison to the OPC control mix may be attributed to rapid reaction rates, increased 

drying shrinkage, and a lower degree of binder formation (Bernal, 2009), which would 

lead to an increasing susceptibility to degradation by transport mechanisms, while the 

formation of microcracks reduces mechanical performance (Collins and Sanjayan, 2001).  

The precipitation of CaCO3 in the OPC matrix (as shown in Figure B-7 and explained in 

section B.4.4.1), the decline in average pore size, and the formation of a more dense and 

compact mortar explains the increase in carbonated compressive strength of the OPC mix.  

In AAS mortar mixes, carbonation directly affects C-S-H gel, decalcifying the AAS 

mortar and prompting a loss in cohesion, inducing larger pore sizes and a decline in the 

carbonated compressive strength.  Overall, both strength reduction and carbonation depth 

were greater in AAS mortar mixes than in the OPC mix, in agreement with similar studies 

reported previously (Puertas et al., 2006; Bakharev et al., 2001). 

 

B.4.3 Dehydration 

 

The average loss in weight of specimens from different mortar mixes was measured after 

each specimen was dried at 105 
o
C, as shown in Figure B-5, along with the average initial 

weight of the specimens prior to being dried.  The initial weight of specimens increased 

with an increase in Na2O/GGBS ratio.  This increase in initial weight is possibly due to a 

greater amount of C-S-H gel being formed at a more rapid rate as the Na2O/GGBS ratio 

increases, with the likelihood of greater particle packing, and hence more water was 

required to chemically react, resulting in an increase in the weight of the specimen.  The 

increase in chemically bound water and initial weight of the specimens correlates with the 

increase in loss of weight after drying.  The C-S-H of the AAS mortar matrix has a lower 

Ca/Si ratio than for the OPC mortar matrix (Bakharev et al., 2001) and there is a 

significantly higher silicate concentration in the AAS system, leading to a gel like C-S-H 

filling up the pore spaces (Gruskovnjak et al., 2006).  This C-S-H gel leads to AAS 

systems having a lower permeability than do OPC systems, and is also believed to be the 

reason why the amount of chemically bound water in hydration products of AAS is 

significantly higher than in OPC systems (Collin and Sanjayan, 2000). 
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Figure B-5:  Loss in weight and average initial weight of mortar mixes undergoing dehydration. 

 

After the specimens were dried, the compressive strength of the dehydrated specimens 

was tested and compared with the compressive strength of fresh non-dehydrated 

specimens.  The dehydrated/non-dehydrated compressive strength ratio is shown in 

Figure B-6.  As the Na2O/GGBS ratio increased, the strength degradation due to 

dehydration increased because of the higher amount of evaporating chemically bound 

water from the C-S-H gel and shrinkage cracking within the matrix.  The OPC mortar mix 

increased in strength after dehydration, with increases in the compressive strength for 

OPC systems due to further hydration being common after exposures of up to 105 
o
C 

(Phan, 1996).   

 

 

Figure B-6:  Ratio of dehydrated (D)/non-dehydrated (ND) compressive strength. 
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B.4.4 Hydrates and microstructure 

 

B.4.4.1 X-ray diffraction 

 

Figures B-7 and B-8 show the XRD patterns of the OPC and AAS mortar samples, 

respectively. The changes in products identified in the OPC XRD patterns include a 

decrease in portlandite (Ca(OH)2) and ettringite (Ca6Al2(SO4)3(OH)12·26H2O), and an 

increase in calcite (CaCO3) following carbonation.   

 

 

Figure B-7:  XRD diffraction patterns of non-carbonated and carbonated OPC mortar. 

 

 

The XRD pattern of the carbonated OPC sample indicates that carbonation was not 

extensive, as considerable amounts of portlandite were detected after carbonation 

exposure.   No significant change was measured in the content of quartz (SiO2) in the 

OPC samples after carbonation, similarly with the content of dicalcium silicate (Ca2SiO5) 

which is likened to the mineral belite.  Because of its semi-crystalline nature, the C-S-H 

gel that formed was hard to identify using XRD.  However the existence of a peak shown 

in both Figures B-7 and B-8 overlapping with calcite at approximately 29
o
 was associated 

with the presence of a C-S-H gel. 
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Figure B-8:  XRD diffraction patterns of non-carbonated and carbonated AAS mortar with different 

Na2O/GGBS ratios. 

 

The XRD patterns for the AAS mortar show that significantly more calcite was present in 

the non-carbonated AAS samples when compared to the non-carbonated OPC sample.  

Prior to being carbonated, phases identified in AAS samples included calcite, quartz, and 

C-S-H.  The carbonated AAS XRD patterns showed an increase in calcite and no 

significant change in quartz.   Phases identified in similar studies using sodium silicate 

AAS (Puertas et al., 2006; Bernal et al., 2010) but not identified in this study include 

natron (Na2CO3.10H2O), vaterite and aragonite (other crystalline forms of calcium 

carbonate), aluminosilicate zeolite gismondine (CaAl2Si2O8.4H2O), and trona 

(Na3H(CO3)2.H2O).  The phases identified are most likely to be influenced by the exact 

composition of the activating solution and slag, and also the duration of the carbonation 

and conditions of exposure such as humidity and CO2 concentration.  In this study the 

influence of Na2O/GGBS ratio on the products of AAS before and after carbonation could 

not be observed from analysis of XRD patterns.  
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B.4.4.2 Infrared spectroscopy 

 

The infrared spectra for the OPC and AAS mortar samples are shown in Figure B-9 and 

Figure B-10 respectively.  The vibration band at 3643 cm
-1

 corresponded to the O-H bond 

in portlandite and was observed in the non-carbonated OPC infrared spectra.  However 

the infrared spectra for the carbonated OPC sample did not show a noticeable portlandite 

band, due to a decrease in calcium hydroxide during carbonation.  Calcite (1436 cm
-1

, 877 

cm
-1

, and 718 cm
-1

) vibration bands were observed in the carbonated samples, while a 

small amount of calcite was also present in the non-carbonated samples.  The asymmetric 

stretching vibration of the Si-O bond, which is characteristic of the silicon tetrahedral 

(SiO4) from the chain structure of C-S-H, shifted from 969-979 cm
-1

 to 1014-1022 cm
-1

 

after carbonation, indicating the formation of a C-S-H gel with less calcium and a higher 

degree of polymerization and lengthening of silicates within the remaining gel (Puertas et 

al., 2006; Bernal et al., 2010).  A band at approximately 1135 cm
-1

 was related to the 

formation of amorphous silica gel from the decalcification of C-S-H, with this band being 

broader and more significant in AAS when compared to OPC (Bernal et al., 2010), 

indicating greater formation of amorphous silica in AAS when compared to OPC.  The 

bands at approximately 540 cm
-1

 and 460 cm
-1

 were attributed to the bending of Al-O-Si 

and O-Si-O bonds respectively (Bernal et al., 2011; Fernandez-Jimenez, 2003), while the 

band at 1659 cm
-1

 is related to the H-OH deformation mode of molecular water.  There 

were noticeable differences in the spectra for the non-carbonated AAS samples with 

different Na2O/GGBS ratios, especially for the calcite related vibration bands (1436 cm
-1

, 

877 cm
-1

, and 718 cm
-1

), indicating that mortar weathering of non-carbonated samples 

could decrease as the Na2O/GGBS ratio increases. 
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Figure B-9:  Fourier transform infrared spectra of non-carbonated and carbonated OPC mortar. 

 

  

Figure B-10:  Fourier transform infrared spectra of non-carbonated and carbonated AAS mortar 

with different Na2O/GGBS ratios. 

 

B.4.4.3 Thermogravimetry 

 

DTG results for the OPC mortar mix are presented in Figure B-11 for both the non-

carbonated and the carbonated sample.  DTG results indicated a mass loss at 
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approximately 430-470 
o
C, associated with the dehydration of calcium hydroxide.  The 

region of mass loss between 500-650 
o
C was due to the dehydration of chemically bound 

water from silica gel along with monosulphate, while the second peak at approximately 

650-750 
o
C was associated with weight loss due to the decomposition of CaCO3 and 

hence the release of CO2.  When OPC mortar is carbonated, calcium hydroxide reacts 

with CO2 to form CaCO3 and C-S-H reacts with CO2 to form silica and CaCO3, which 

explains why the carbonated OPC sample had a decreased calcium hydroxide peak, an 

increase in intensity around the region of dehydration of silica gel, and an increase in the 

CaCO3 peak.   

 

 

Figure B-11:  Differential thermograms (mass loss downwards) of non-carbonated and carbonated 

OPC mortar. 

 

DTG results for samples based on AAS are presented in Figure B-12.  For the non-

carbonated AAS samples, the mass loss was attributed to the dehydration of C-S-H (450-

600 
o
C), and to CO2 of varying crystallanity (650-750 

o
C).  For carbonated samples, mass 

loss was attributed to the dehydration of decalcified C-S-H and the release of CO2 from 

the CaCO3.  As shown in Figure B-12, carbonated samples had greater mass loss 

attributable to dehydration of both the silica gel and CaCO3.  The effect of the 

Na2O/GGBS ratio was significant, especially for the carbonated samples where an 

increase in the Na2O/GGBS ratio resulted in greater mass loss due to dehydration of silica 

gel because of a greater amount of C-S-H being formed and decalcified. 
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Figure B-12:  Differential thermograms (mass loss downwards) of non-carbonated and carbonated 

AAS mortar with different Na2O/GGBS ratios. 

 

A comparison of DTG graphs for the carbonated OPC sample in Figure B-11 and the 

carbonated AAS samples in Figure B-12 shows greater intensity of silica gel dehydration 

and less CO2 being derived from CaCO3 for the carbonated AAS samples.  Carbonation 

of AAS results in the formation of less CaCO3 and a larger amount of silica than OPC 

mortar, because AAS mortar does not contain calcium hydroxide and only C-S-H is 

present, such that there is less calcium overall. 

 

B.4.4.4 Scanning electron microscope 

 

Micrographs of the OPC non-carbonated and carbonated samples are shown in Figure B-

13.  The micrographs of the carbonated specimen indicate changes in microstructure, with 

crystal precipitates of calcium carbonate shown, which are also marginally seen to 

increase the density and compaction of the carbonated OPC microstructure.  The increase 

in compressive strength of the OPC mix after carbonation is due to this increase in 

compaction from calcium carbonates, as observed in Figure B-13.   
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Figure B-13:  FE-SEM images of non-carbonated and carbonated OPC mortar. 

 

The micrographs of the AAS samples shown in Figure B-14 indicate differing results 

after carbonation, when compared to the results for OPC mortar.  The AAS paste was less 

cohesive and more granular following carbonation, while deposits of a white spongy 

material were observed, reported to be due to the interaction and decalcification of C-S-H 

with CO2, with a low Ca content and a composition primarily consisting of Si, Al, Mg, 

and Na (Puertas et al., 2006).  This decalcification causes a loss in cohesion of the paste 

as observed in Figure B-14, and hence the degradation in compressive strength following 

carbonation.  Figure B-14 also shows that an increase in the Na2O/GGBS ratio has a 

significant effect on increasing the density of AAS, although a ratio of 7% did cause 

cracking, most likely due to shrinkage associated with highly exothermic reactions during 

curing. 
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Figure B-14:  FE-SEM images of non-carbonated and carbonated AAS mortar with different 

Na2O/GGBS ratios. 

 

 

B.5 Conclusion 

 

This study examined the effect of the mixing ratio of sodium silicate activator on 

properties of AAS mortar including compressive strength, carbonation depth, and 

dehydration, by testing three AAS mortar mixes and a control OPC mortar mix.  The test 

results support the following conclusions: 

 

1. The compressive strength of AAS mortar generally increased with an increase of 

Na2O/GGBS ratio. 

2. Carbonation was more extensive in AAS than in OPC mortar, while an increase in 

Na2O/GGBS ratio increased the resistance of AAS mortar to carbonation.  Also, OPC 

mortar gained strength while AAS degraded following carbonation.  Following OPC 

mortar carbonation, there was a reduction in the amount of Ca(OH)2 and ettringite, C-

S-H became decalcified, and calcite levels increased.  Following AAS carbonation, C-

S-H decalcified and a greater amount of amorphous gel formed compared to OPC 

mortar.  Calcite is also present in non-carbonated OPC and AAS mortar.  
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3. Dehydration was more significant for AAS than for OPC, while the increase of the 

Na2O/GGBS ratio caused more severe dehydration. 
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