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2. Introduction  

2.1 Problem description 

  Concrete is the most used material in the building industry. An annual production of 15.000 

million tonnes has been recorded in 2008, when the second building material (timber) was 

produced in only 4000 million tonnes. This is a clear indication that concrete is continuously 

being produced in large quantities. Although new materials have entered into the building 

sector, concrete has not lost its value. Good mechanical properties, low price and high 

flexibility of its form (on-site casting) are the main reasons for the common use of concrete. 

However, the increasingly stringent environmental legislation over the last decades has 

attracted the attention of recycled or waste materials as concrete ingredients. 

Waste glass can be considered as one of the concrete ingredients. Generally, most of the 

collected waste glass is melted and used for the production of new glass. The recycling of 

the glass is very common because it can be recycled many times, without losing its 

properties. However, a large amount of waste glass is not suitable for recycling. Pollution 

and other materials attached to the glass surface (paper, ceramic, metal, plastic) cannot 

always be removed by the recycling companies, especially when the glass particles are 

below a certain size (8 mm). As a result, a high percentage of the glass below 8 mm is sent 

for landfilling or it has to be stockpiled. 

Therefore, the utilization of waste glass in concrete can be very efficient for the 

environment. Glass is not a biodegradable material which means that its exposure in the 

landfilling sites will not degrade it after a certain period of time. An estimation of the 

biodegradation of a glass bottle is about 1 million years. The utilization of waste glass in 

concrete prevents the landfilling of the material. 

 Moreover, a concrete made of waste glass can be economically profitable. Concrete is 

made of cement, sand, aggregates, gravel and water. Most of the sand and aggregates 

originate from quarries by extraction. This procedure destroys the landscape and is highly 

time and cost consuming. Waste glass can be directly collected from the recycling 

companies and it can contribute effectively to the reduction of new raw materials for 

concrete. 
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2.2 Objectives and research questions 

The main objective of this research is to investigate the behavior of waste glass in concrete 

and to create a concrete which is durable, sustainable, cost effective and with sufficient 

mechanical properties. 

The design of this research consists of partial or total replacement of conventional 

aggregates with waste glass of different sizes. The initial target is the development of a 

concrete with as much glass content as possible which presents high mechanical properties 

and is resistant to the alkali-silica reaction (ASR). When the initial target will be achieved, 

the concrete will be also optimized for the following perspective: the translucency of the 

concrete. In particular, the translucency of concrete plates will be measured. At the end, the 

final concrete product should combine all the expected properties. 

 The research questions of this project can be formulated as follows: 

1. To what extent partial or total replacement of conventional aggregates of concrete 

with waste glass of different sizes can be successful in terms of mechanical 

properties? 

2. Is it possible to suppress the expansion due to the ASR of a concrete with high glass 

content? 

3. Is it possible to produce translucent concrete? 

4. If there is any possibility for a concrete with glass to combine all the research 

questions at once? 

 

2.3 Outline of the thesis 

This thesis aims on the investigation of the potential of the utilization of waste glass in 

concrete under the objectives that were mentioned above. 

Chapter 3 includes the literature review. This part focuses on the analysis of possible 

problems that can appear but also future perspectives concerning the utilization of waste 

glass in concrete. 

Chapter 4 presents all the materials used in this study (with a focus on to the waste glass) 

and the necessary processes that were followed so that the materials can be later on used 

for the tests. 

Chapter 5 deals with all the laboratory techniques and measurement methods that have 

been used. All the experiments and tests are analytically presented. At first, the physical and 

chemical characterization of the materials is described (PSD, sieving, specific density, 

chemical composition) and then, the carried out tests (Strength test, ASR test, Lighting rest) 

are explained. 
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Chapter 6 explains the methodology that was followed for the design of different mixes and 

also reveals the motivation behind the design of every individual Mix. Additional 

information is given explaining why every new Mix is being created. 

Chapter 7 presents the results of the tests. The analysis of the different factors that 

influence the tests is performed.  

Chapter 8 summarizes the conclusions about the utilization of waste glass in concrete. 

Except for that, discussion about the future utilization of glass in concrete is given and 

emphasizes how the utilization of waste glass in concrete can become more sustainable and 

profitable. 
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3. Literature review 

3.1 Introduction 
 

3.1.1 Trias hylica 

  Extensive research and resulted numerous studies were conducted over the last decades 

on the application of waste glass in concrete. Recycling of materials has lately become a 

common practice. More and more countries realize about the importance of the Trias Hylica 

concept. As the energy and new material stocks have to be minimized, the necessity for 

exploitation of the already used materials has increased. Brouwers [1] gave the 3 

coordinates of Trias Hylica, which follows the logic of the previous concepts; Trias 

Energetica and Trias Hydrica: 

 Prevention of an unnecessary use of materials; by materials that come from 

recycling, usage of remainders from materials, smart efficient designs and 

combinations of functions. 

 Usage of local sustainable material sources for the buildings material demand such 

as loam, shells, shellime, flax, wood and cork or, in the case of this study, waste 

glass. 

 Usage of non-sustainable sources in the most effective way, such as usage of high 

strength concrete or steel. 

 

Figure 3.1: Concept of Trias Hylica [1] 

3.1.2 Glass production and recycling 

  The annual glass production in Europe (including bottles, jars and flacons) in 2011 was 20.7 

Million tonnes (Figure 3.2) according to the European Container Glass Federation (FEVE), 

which, compared to 2010, showed a slight increase of 3.5% (20.1Mt). A closer observation 

of Figure 3.3 shows that in most countries, the annual production of glass in 2011 has 
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decreased or remained the same, compared to the production five years ago.  This is a clear 

indication that glass recycling was performed efficiently over the last years. Apparently, 

recycling of glass is consistent with the Trias Hylica approach. Hence, it can be concluded 

that glass is reused, which is very sustainable for the environment as the necessity of the 

production of new glass is diminished. The recycling indicators of glass for European 

countries in 2010 (Figure 3.4) are very satisfactory, as they show an average rate of recycling 

of about 67%. As a matter of fact, glass tends to be recycled in large quantities. However, 

the values of Figure 3.4 concern the glass that is collected by the glass recycling companies 

and not the glass that is reused. This means that significant amount of glass can be 

characterized as waste and not reused for the glass production. This waste material usually 

is landfilled without further exploitation by the glass companies. As the percentage of the 

remaining waste glass is not given, there is no clear view of the percentage of the glass that 

is useless after the recycling process. Hence, it is very important to find alternatives for the 

application of this waste material. 

 

Figure 3.2: Annual production of glass in Europe in 2011, FEDE [2] 
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Figure 3.3: 5 year development of the annual glass production in Europe, FEDE [2] 

 

 

Figure 3.4: Collection for recycling rates in Europe in 2010, FEDE [2] 
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3.1.3 Applications of glass in concrete 

  The application of glass in concrete has been extensively implemented over the last years. 

However, there is a distinction between the use of recycling glass and waste glass. The 

recycled glass is being used in a much larger scale than the waste glass. The difference 

between the waste glass and the recycled glass is the presence of pollution. If the pollution 

(especially organics) remains at the surface of the glass, it later can affect the properties of 

concrete. Glass is more and more often used as a substituting alternative for concrete 

aggregates. The increasingly stringent environmental legislation over the last decades is one 

of the major reasons why waste glass used as a concrete ingredient has attracted attention.  

Aggregates have a substantial influence on the workability, strength and durability of 

concrete and as the recycled glass has been lately used in concrete, it should be proven 

whether its application can guarantee sufficient properties. Glass has already been used as a 

replacement of sand in concrete pavement [3], asphalt additive or road filler [4, 5]. For 

concrete pavement, there was a 5% reduction of the compressive strength for 5% 

replacement of sand with glass, whereas the reduction increased to 27% for a replacement 

of 30% of sand with glass [3]. For asphalt pavement, 10% of glass cullet seems to provide 

satisfactory performance in terms of the strength [4]. In another research [5], the 

percentage of glass in asphalt is increased up to 15% while maintaining good mechanical 

properties of concrete. The potential of utilizing glass in structural concrete is still 

investigated for applying the highest glass percentage with satisfactory strengths. Figure 3.5 

illustrates some of the applications of the glass in concrete for structural properties. 

   

Figure 3.5: Examples of the application of  glass in concrete for structural properties [50] 

  Glass fiber reinforcement concrete (GFRC) is one type of concrete, reinforced with glass 

fibers. The glass fibers behave in a similar way to steel fibers, e.g. their increase of the 

mechanical properties of concrete. However, the exposure of the glass to an alkaline 

environment in concrete could cause its deterioration. Further analysis of that reaction will 

be presented in the following chapter. However, except for the glass fibers that are 

susceptible to an alkaline environment in concrete, a new type of glass fibers has been 

developed, that is not highly reactive. The addition of glass fibers in concrete could increase 
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its compressive strength up to 9% its tensile strength by about 20-50% [49]. An example of 

the application of GFRC is given in Figure 3.6. 

  

A)                                                                            B) 

Figure 3.6: A) Disbursed fibers throughout concrete mix, B) Chopped fibers of 1 cm length [51] 

 Except for the structural applications, glass can also be used in the production of aesthetic 

and decorative concrete. Recently, glass cullets have been applied in concrete for the 

development of an architectural material [18], (Figures 3.7, 3.8). The irregular shape of glass 

particles makes it very attractive when used in shiny surfaces. A 50% decrease of the 

compressive strength of concrete has been detected when glass replaced 100% of normal 

aggregates by mass (40 MPa compared to 60 MPa after 90 days), [18]. On the other side, 

when glass replaced only  25% of normal aggregates, the compressive strength was 57 MPa 

[18]. As a matter of fact, the achievement of a balance between the percentage of 

replacement of glass and the level of the strength of concrete is still in development. 

  

Figure 3.7: Examples of the application of  glass in concrete [52] 
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Figure 3.8: Application of glass cullets in concrete for architectural mortar [18] 

  Another application that has recently been investigated is the development of a 

translucent and self-cleaning concrete plates by the utilization of titanium dioxide [20]. 

Although the obtained translucency was at low levels (0.01%), there is much room of 

improvement. Further information of that application is given later in Paragraph 3.3. 

 

Figure 3.9: Translucent concrete plate [20] 

Waste glass can be also used in concrete production. The most common application is the 

utilization of waste glass as an aggregate in concrete. However, glass may cause a very 

detrimental chemical reaction in concrete (alkali-silica reaction) and affect its mechanical 

properties and durability. Hence, there are many parameters needed to be investigated in 

order to define to what extent the use of waste glass can influence the performance of 

concrete. 
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3.1.4 Sustainable perspective of waste glass in concrete 

    Waste glass can be defined as the glass which remains in glass recycling companies and 

factories after the recycling procedure and it cannot further be reused for the production of 

new glass. Theoretically, glass can be recycled infinite number of times without losing 

quality. As can be seen in Figure 3.10, the production of glass begins with the selection of 

proper materials. Later on, the selected materials are mixed and melted for the production 

of glass. Next step is the completion of the production of glass. When the glass products are 

useless, most of them are thrown into glass and recycling containers. When the glass 

returns to the factory, the procedure for recycling of the 

glass includes washing, cleaning and composting of the old 

glass. But if glass particles are polluted and contaminated 

with organics which cannot be easily removed, then they 

are inappropriate for the re-production. As a result, this 

glass is treated as the waste glass and more than 90% is 

disposed in landfills or has to be stockpiled (Figure 3.11). 

The utilization of waste glass as an aggregate for concrete 

can lead to a double benefit for the economy and 

environment. From environmental point of view, glass is a 

non-biodegradable material. By using a waste material, the 

need for new and raw material is diminished. From the 

economical point of view, the application of waste glass in 

concrete is attractive. The conventional extraction of 

aggregates requires high costs and long time, which can be 

saved when the waste glass is used.  Although waste glass 

can influence mechanical properties of concrete, efforts 

have been made over the last decades to improve this 

situation. Many researchers [6-11] have shown that a 

replacement of conventional sand with waste glass can lead 

to satisfactory properties of concrete. Waste glass is usually 

crushed into small particles which can resemble the sizes of 

sand and therefore can partially replace sand [8-10]. 

                                                                                                          Figure 3.10: The recycling process 
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Figure 3.11: Landfilling of waste glass                                                                            

3.2 Problems related with the application of waste glass in concrete 

  The problems appearing when mixing waste glass with cement for the production of 

concrete can be mainly divided into two categories. These categories are related to a 

harmful reaction, taking place in the matrix of concrete, so-called the Alkali Silica Reaction 

(ASR) and those related with the mechanical properties of concrete.  

3.2.1 Alkali silica reaction 

3.2.1.1 Definition and mechanism 

  The so-called alkali silica reaction (ASR) or alkali aggregates reaction (AAR) is a deleterious 

reaction, which takes place in hardened concrete. This reaction appears when there is a 

certain minimum amount of alkalis present in the pore solution of concrete and reactive 

silica such as tridymite, cristobalite, chalcedony or opal present in the aggregates [10]. A 

simplified mechanism of the reaction is as follows: at first the alkalis react with water, 

producing alkali hydroxides. Then, the hydroxide ions (OH-) in the cement paste attack the 

reactive silica and cause it slow dissolution. Subsequently, the dissolved silica reacts with 

the alkali hydroxides (Na+ and K+) and as a result, an unstable, viscous alkali-silica gel is 

formed (sodium silicate, potassium silicate). This gel has the ability of imbibing water and 

swelling to a volume greater than that of the initial substrates. The water absorbed by the 

gel may originate e.g. from the pore solution, rainwater or air moisture. More water 

enhances the creation of the gel. As the water flows continuously, the gel continues to swell 

and expand. When the pressure generated by the swelling is larger than the tensile strength 

of concrete, cracks appear (Figure 3.12). The mechanical properties and the lifespan of 

concrete can be affected by the reaction. However, the reaction is not affected directly by 

the alkali ions and siliceous aggregates, but by the formation of hydroxide ions which react 

with the aggregates. Thomas [12] mentioned that the alkalis contribute initially to the high 
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concentration of hydroxide ions in the pore solution and later on to the formation of the 

alkali silica gel. The following steps describe the stages of the reaction: 

 Na2O+H2O → 2NaOH                           or     K2O+H2O → 2KOH 
 

 SiO2+2NaOH+H2O → Na2SiO3H2O       or     SiO2+2KOH+H2O → K2SiO3H2O 
 

 Formed gel + H2O → Expansion→ Cracks 

 

 
 
Figure 3.12: Formation of ASR-induced cracks in concrete  after 52 weeks of curing [13] 

 
3.2.1.2 Parameters influencing the ASR 

 
  The knowledge of the parameters influencing the reaction is highly important for 

producing concrete with glass. The susceptibility of an aggregate to the reaction is the most 

substantial step to be investigated, but not the only one affecting the reaction. Briefly, the 

components that are required and are affecting the occurrence of the ASR are as follows: 

 The sufficient content of  alkalis in cement 

 The particle size of the glass 

 The supply of moisture 

 The reactive silica  

 The color of the glass (chemical composition) 

 The percentage of the replacement of conventional aggregates with glass 

- Low-alkali cement: A starting point for the suppression of the ASR is the utilization of low 

alkaline cement. The alkali content of Portland cement is usually between 0.3 and 1.5%.  

According to ASTM C 150, it is recommended to use low-alkali cement (< 0.6% of Na2O) in 

the concrete for reducing the ASR expansion. For fly ash concrete this limit increases to 1.5% 

[9]. The reason for limiting the quantity of alkalis is the low presence of alkalis, which 

provoke the reaction to a certain amount of the produced expansive gel, after which no 
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more reaction takes place, as there are no alkalis left to form hydroxide anymore [14]. This 

is also known as the pessimum effect which will be explained later. 

Table 3.1: Chemical composition of a typical glass and cement 
 

Components Chemical formula Typical Glass (%) Ordinary Portland cement (%) 

Silicon dioxide SiO2 70-74 20.85 

Sodium oxide Na2O 12-16 0.24 

Calcium oxide CaO 5-11 63.06 

Magnesium oxide MgO 1-3 2.32 

Aluminum oxide Al2O3 1-3 4.78 

Iron oxide Fe2O3 1 3.51 

Sulphur trioxide SO3 - 2.48 

Potassium oxide K2O - 0.55 

Titanium dioxide TiO2 - 0.25 

Others  1 2 

 

-The supply of moisture: The existence of moisture plays a double role in the ASR. Firstly, 

the moisture transports the reactive ions and secondly, the gel which is produced in the 

reaction binds water, if a sufficient amount of moisture is present. As already described, the 

moisture can be imbibed by the created gel, which in turn swells and expands. Therefore, 

the presence of the concrete in a moist environment can promote the ASR.  

-The reactive silica: There is a distinction between complete crystalline silica and amorphous 

silica that causes differences in their reactivity. The basic element of crystalline silica is the 

silicon tetrahedron which consists of a Si4+ in the center of the structure surrounded by four 

oxygen ions (O2-), which are bonded to the Si4+ (Figure 3.13c). A crystalline silicate structure 

is formed by the repetition of the silicon tetrahedron in an oriented three-dimensional 

space (Figure 3.13a) [10]. However, when silicon tetrahedron is arranged in a random three-

dimensional space, amorphous silica is created (see Figure 3.13b). If the available specific 

surface area of the silicate structure is smaller, the solubility of the silica is lower and the 

reactivity of the silica is smaller.  
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Figure 3.13: (a) Crystalline structures (b) amorphous structures (c) the molecular structure of silica based 
glass  [15] 
 

The two types of siliceous minerals that are reactive with the alkalis in concrete are: 
 

1. Metastable types of silica with a poorly ordered structure such as opal, chalcedony, 

tridymite, cristobalite and quartz. 

2. Alumina-silicate glasses in volcanic rocks. These volcanic rocks contain glassy 

materials formed by the rapid cooling of melted silica that prevents it from 

crystallizing and renders it very reactive [16]. 

 - Particle size: When using glass as a partial replacement of aggregates or sand, the particle 

size plays a significant role in the mitigation of the ASR. Different glass sizes used as a 

replacement of the aggregates and their effect on the ASR have been investigated by many 

researchers. Meyer et al. [7] supported that glass particles smaller than 300 μm could 

suppress the ASR. In other research [6-8] the conclusion was that no ASR has been detected 

for a particle size up to 100 μm, which was also verified by Shao et al. [17] and Ling et al. 

[18]. According to their studies, a glass particle size finer than 38 μm exhibited a pozzolanic 

behavior. Shao et al. [17] used glass in different particle size fractions to demonstrate the 

significant differences in the ASR expansion (Figure 3.14). It was observed that glass powder 

is less reactive in the ASR than coarse glass particles, because a small size glass presents a 

pozzolanic behavior. Generally, a material is considered as pozzolanic, if it is characterized 

by 3 features: it contains high silica content, it is X-ray amorphous and it has a large surface 

area. Pozzolans have the ability to reduce the permeability and increase the strength and 

the stiffness of concrete [17]. The glass naturally satisfies the criteria of behaving as a 

pozzolan only if it has large specific surface area (SSA). The small particles have a high SSA 

and therefore, the glass powder actually functions as a pozzolan. The reduction of the 

expansion due to ASR by the utilization of glass powder is an indicative of pozzolanic activity 

and it has been confirmed in other research [17, 18]. 
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Figure 3.14: Expansion of mortar bars with different glass particle sizes and with mineral additives [17] 

 
 - Glass color: Glass color (glass chemical composition) can lead to some differences in the 

ASR. More specifically, green glass appears to be less reactive than other colors (brown, 

clear) [10, 19-20]. Figure 3.15 shows the expansions rates for mortar bars according to the 

colors of the waste glasses (green, brown) and their contents (0-100%) as aggregates for 

concrete [19]. Green glass consists of Cr2O3 which is added to create a greenish hue. Prezzi 

et al. [10] concluded that the expansive pressure resulting from electrical double-layer 

repulsion is inversely proportional to the ionic valence and thus, the gel contains Cr3+ 

appears to be less expansive. Furthermore, recent research [21] confirmed the results of the 

effect of Cr2O3 in decreasing the reactivity of ASR, but also concluded that except for the 

green glass, also brown glass proved to be less reactive. This is similar to the findings in [22], 

where very small differences between green and brown in ASR reactivity were observed. 

Based on the results of [21], it seems that Cr2O3 tends to prevent the ASR reactivity, but 

depending on the particle size and the chemical compositions, this reduction can vary not 

only for the green glass, but also brown and others. 

             
 
Figure 3.15: Expansion ratio for mortar bars containing green glass (left) and brown glass (right) [19] 
 



17  
 

 

- Different percentage of replacement and pessimum effect: It has been demonstrated by 

many researchers [8, 9, 11, 13 and 18] that different waste glass percentage replacement of 

aggregates influences the expansion due to ASR. Results seem to differ from survey to 

survey and there is no stable percentage at which the maximum expansion appears.  There 

is a certain concentration or proportion of reactive aggregates present in the total amount 

of the aggregates that causes a maximum expansion in concrete. This proportion of reactive 

material producing a maximum expansive effect is referred to as the pessimum effect. This 

phenomenon is illustrated in Figure 3.16. More specifically, if the proportion of the reactive 

aggregate varies while other factors remain constant, maximum expansions of concrete 

occur at specific glass aggregates content. That means that higher or lower proportions of 

reactive aggregates compared to this proportion, will always give lower expansion. If the 

amount of alkalis in concrete is limited, then an increase of it will increase the amount of 

aggregate particles which contain alkali silicate. This means that if alkali silicate in concrete 

is higher than before, the increased amount of alkalis will amplify the expansion of concrete 

and as a matter of fact, cracks will appear. However, an increase of the amount of alkalis will 

decrease the amount of alkali silicate in each particle (as there is no more silica to react with 

the alkalis) and thereby prevents the cracking of the particles. The expansion thereby is 

reduced after passing the pessimum proportion. It can also be said [23] that expansion 

increases with an increase in the amount of reactive constituents up to the pessimum, 

beyond which it decreases due to the lack of alkalis available for the formation of the 

expansive gel. A distinction between the fast reactive and the slowly reactive aggregates can 

influence the pessimum effect as well. Specifically, for the fast reactive  aggregates such as 

those with opal, maximum expansion occurs at low contents of reactive silica, usually below 

10% [23], whereas for the slowly reactive aggregates the percentage can be much  higher 

and exceed even 100% (by  meaning that there is no pessimum effect appearing). 

 
Figure 3.16: Effect of silica content on ASR [16] 
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3.2.1.3  Neutralization of  ASR by utilization of mineral additives and pozzolans 
 

   Mitigation of the ASR can be achieved in several ways. The most common approach 

includes the utilization of a pozzolanic material in the mixture such as pulverized fly ash, 

silica fume, blast furnace slag or adding suppressors such as metakaolin, perlite, lithium 

compounds and/or to add steel fibers [9, 24 and 26]. The supply of concrete mixtures with 

fly ash and/or silica fume seems to be the most effective way of suppressing the ASR. The 

research by Thomas et al. [27] has shown that the effectiveness of suppressing the alkali 

silica reaction by the utilization of fly ash is very high. Blocks with Portland cement and 

conventional reactive aggregates were compared to the blocks of 25-40% replacement of 

cement with fly ash. Figure 3.17 illustrates the comparison and the difference between the 

two blocks is very obvious. In the blocks without fly ash cracks appeared, while blocks with 

fly ash showed no visible ASR damage. 

 

Figure 3.17: Pictures of an 18 year-old 915x915x915 mm blocks with 550 kg/m
3

 Portland cement (left) and 

block with 450 kg/m
3

 PC +150 kg/m
3 

Fly Ash (right) [27] 

 Moreover, it has been detected that the level of silica fume and fly ash, with different 

calcium percentages could keep the ASR expansion below 0.04% after 2 years [28]. Further 

research showed the tendency of mitigating the expansion by the utilization of different fine 

suppressors, such as lithium compounds, perlite or metakaolin. The reason that most 

pozzolanic materials reduce or even suppress the ASR is caused by the nature of pozzolans. 

Pozzolans guarantee high silica content and have a large specific surface area. The large 

specific area of pozzolans is due to their high fineness. By adding pozzolans to the mixtures, 

the alkalinity of cement is neutralized by the pozzolanic reaction. Pozzolanic materials react 

with the cement alkalis without the formation of the expansive gel, as the siliceous minerals 

convert to alkali silicate and then to calcium silicate without provoking excessive ASR in later 

stages. As a matter of fact, a reaction of very fine silica particles (pozzolans), which starts at 

the early stages of concrete hardening, will help to suppress a slow and delayed reaction 

with large siliceous aggregates. 

 It can be concluded that the reduction of alkalinity of the pore solution in concrete as well 

as the depletion of the expansion at early stages are considered as the most beneficial 

effects of pozzolans in reducing expansion due to the ASR. 
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3.2.2 Strength and other properties of concrete with glass 

   Organics in glass: the utilization of waste glass in concrete can be dangerous. A major 

issue is caused by the origin of the glass. Usually, glass bottles and jars that are recycled 

previously contained beverages, consisting of sugars, alcohol and other chemical 

substances. The usual recycling procedure consists of the collection of the waste glass from 

the glass container. Then, the glass is sorted and different attached materials such as 

stickers, lids or others are removed. Except for the separation of the attached materials, it is 

important to segregate materials which are not glass (ceramics, porcelain, plastic). When 

the segregation has been finished, the washing of the glass should be done, where adverse 

chemical compounds are removed. Finally, the waste glass is composted and stored for 

future use. However, if the washing is not successful (glass powder is more difficult to be 

washed because of its fineness), serious effects can appear in concrete in which this 

polluted glass was applied. These effects influence the strength and durability of concrete. 

Workability/flowability: the workability of concrete is influenced by the presence of glass 

aggregates in the mixture. Many researchers confirmed the negative impact of waste glass 

on the properties of concrete. AL-Hashmi et. al [11] found that there is a tendency of 

decreasing the slump when the glass ratio in concrete increases. The slump test describes 

the consistency and the flowability of the fresh concrete mixture. Topcu et.al [29] concluded 

that using a high ratio of waste glass causes a decrease of the slump value. Limbachiya [30] 

also demonstrated that there was a slight reduction in the workability of concrete when the 

content of washed glass exceeded 30% replacement of normal sand by mass. The basic 

reason of the influence of glass on the workability of concrete might be the chemical 

impurities and other contaminations that can be found in waste glass. From the other side, 

according to [30], washed glass applied up to 20% did not influence the flowability, 

confirming that chemical pollution of glass is the major factor of decreasing the flowability 

of concrete. 

Strength: the strength of concrete is negatively affected by the presence of glass 

aggregates. It has been observed in [6, 8, 17, 31 and 32] that there is a tendency of a 

decrease of the compressive, flexural and tensile strengths of concrete when increasing the 

percentage of waste glass replacing the aggregates. It is a fact that the specific density of 

waste glass is approximately 6% lower than that of the sand (2.50 g/cm3 compared to 2.65 

g/cm3). This contributes to a decrease in the density of concrete mixture with waste glass. 

As a consequence, the density of concrete with glass is lower compared to conventional 

concrete with sand. Furthermore, the smooth surface of glass aggregates influences the 

strength of concrete as the adhesion between the hardened cement paste and the glass 

aggregate is lower than that of a rough surface, normal aggregate. However, researchers 

have shown that for a partial replacement up to 20%, the difference in the strength is 

negligible [30-32]. Figure 3.18 demonstrates an example of the strength of concrete with 

waste glass and also shows that a higher replacement (up to 50%) of glass aggregates could 
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lead to a slight reduction of compressive strength. For a replacement of more than 30%, the 

reasons for the significant strength reduction are: the mechanical properties of glass which 

in terms of strength are lower compared to normal sand but also the interfacial transition 

zone (ITZ) between the glass and the cement, as the smooth surface of the glass does not 

allow strong bonds with the cement matrix. 

 

A)                                                                            B) 

Figure 3.18: A),B) Development of compressive strength of concrete with different percentages of waste 

glass aggregates (15%, 30%, 45%  for picture A, 5% and 10%, 15%, 20%, 30%, 50% for picture B) [32, 30] 

3.3 Perspectives of utilization of waste glass in concrete 

   Except for the sustainability aspects of the utilization of waste glass in concrete, which was 

analyzed in Chapter 3.1, the application of waste glass can potentially bring some additional 

benefits to concrete products. These benefits will be summarized in this chapter.  

3.3.1 Translucency 

Conventional glass is able to transfer visible light, and this feature can be used when the 

glass is applied in concrete. Different approaches have already been presented on the 

development of translucent concrete. In fact, by creating a material which enables the light 

to penetrate through it, a long term energy reduction can be achieved, as the necessity of 

lighting devices is reduced, mostly during the sunny hours. Furthermore, a material which 

has the properties of concrete (strength, durability) but would also be capable of light 

transmittance would be an ideal for future uses such as indoor wall applications. A recent 

development in this field is named «ilight» and is created by the Italcementi group [33]. This 

special application consists of a mortar combined with special resins, which result in a 

transparent panel. Natural and artificial light is easily accessible through the two sides of the 

concrete panel. An advantage of such an application is that at least 20% of the total surface 

of the panel is transparent [33]. Furthermore, the resin components allow the capturing of 
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more light than optical fibers, simply because a larger light cone passes through their 

surface [33]. An example of ilight application is illustrated in Figure 3.19.  

 

Figure 3.19: A building made by ilight concrete [33] 

 Except for this type of application, further approaches of an opaque concrete includes the 

placement of polyacrylic or acrylic resin (PMMA) insertions in precast concrete panels, 

which gives partial transparency to the panel providing adequate light to the built 

environment [34]. An example of this type of application is given in Figure 3.20. The panel 

can have a thickness up to 40 mm [34], which makes it appropriate for building facades. 

However, due to its limited thickness it is not available for thicker walls.  

 

Figure 3.20: A transparent concrete panel made with PMMA [34] 

  A tendency can be found in the literature for using resins in precast concrete panels for 

achieving translucency. However, the literature does not analytically present any effort of 

using waste glass to obtain translucent concrete. There is a major disadvantage that explains 

the reason why glass has not been extensively used  in concrete for achieving transparency.  

The cement is mixed with the aggregates and glass particles at the early stages. After 

hardening, the cement paste covers all the aggregates. When cement paste penetrates the 

space between two glass particles, light can not be transmitted anymore. As a result, the 

hardened concrete could be transparent only and if the maximum size of the glass particles 
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is equal to the thickness of concrete. Recently, a project made at Eindhoven University of 

Technology [20] confirmed the possibility of  the development of translucent concrete with 

waste glass (Figure 3.21). However, due to the utilization of small glass particles (up to 8 

mm), the developed concrete plates were thin and, in turn, fragile. Potentially, the 

utilization of larger glass particles can increase the minimum thickness and, in turn, increase 

the strength. 

 

Figure 3.21: The same translucent plate made of glass aggregate concrete, left picture taken with flashlight 

from behind, right picture taken with flash coming  from the front side [20] 

3.3.2 Photocatalytic oxidation with Titanium dioxide (TiO2) 

    A phenomenon which has been widely investigated over the last decades is the effect of 

photocatalysis when titanium dioxide (TiO2) is intermixed in concrete. In 1972, Fujishima 

and Honda [35] discovered this phenomenon of photocatalytic splitting of water in a TiO2 

photochemical cell under ultraviolet (UV) light. Titanium dioxide has been extensively used 

because of its photocatalytic ability. It is relatively inexpensive, chemically stable and is 

characterized as non-toxic. The process of photocatalysis occurs in two stages.  The first 

stage includes the decomposition of the compounds (e.g. NO, NO2) at the surface of the 

material with the presence of UV light.  The second stage includes the cleaning of these 

compounds by water (rainwater). Besides the PCO effects, the TiO2 has a photo-induced 

hydrophilicity, which enhances the removal of the pollutants.  

   Organic and inorganic compounds in the atmosphere such as nitrogen oxides (NOx) or 

sulfur oxides (SOx) are observed in areas with high vehicle traffic and transportation. They 

are produced from the reaction of nitrogen and oxygen in the air during combustion, and 

cause for example acid rain. Significant quantities of nitrogen oxides can lead to serious 

consequences for the environment. The utilization of TiO2 as a photocatalyst in a polluted 

material can be described as a two stage reaction [37]: 

Stage 1:                                               NO + OH▪  → ΝΟ2 + Η+                                     (4.1) 

  The oxidation of NO to NO2 is the first step for the denitrification of NOx. NO compounds 

react with hydrogen radicals (OH▪). These radicals are involved in the oxidation of NO. 



23  
 

 

Stage 2:                                              NO2 + OH▪  → ΝΟ3
- + Η+                                   (4.2) 

  The second step is the conversion of NO2 into NO3
- (nitrate ions). The final formation of this 

two stage reaction is the nitrate ion (NO3
-), which can be easily removed from the surface of 

the material by flushing with water (rainwater, etc.).  Rainfall of medium intensity has been 

proven to be sufficient for that [38].  

  The strongly oxidative reaction in the previous 2 stages is based on the hydroxyl radicals 

(OH▪), which are generated due to the photochemical activation of the catalyst [39]. 

According to this activation promoted by the presence of UV light, the titanium dioxide 

reacts, resulting in the titanium oxide with an electron-hole pair (e- and h+) as follows [39]: 

                                                     TiO2  → TiO2 + e- + h+                                      (4.3)           

  As the electron-hole pair is created, it can react with either hydroxide ions or with 

molecules of water, producing the hydroxyl radicals that were mentioned: 

                                    OH-  +  h+ → OH▪     or   H2O+ h+→ OH▪ + Η+                          (4.4) 

Subsequently, the hydroxyl radicals, which were created by the presence of titanium dioxide 

and UV light, degrade the nitrogen oxides as shown in equations 4.1 and 4.2. 

 The utilization of TiO2 in concrete has been proven to provide a photocatalytic behavior [36, 

40-43]. Folli et al. [36] confirmed the self-cleaning effect of building facades by the 

application of TiO2 photocatalysis in cement and concrete, and the depollution of air by the 

presence of sunlight, oxygen and water. Chen et al. [43] also concluded that after examining 

the titanium dioxide for the NOx decontamination, good purifying effects toward NOx have 

been observed. However, Guo et al. [41] used crushed recycled glass together with white 

ordinary Portland cement to produce self-compacting concrete. Different amounts of TiO2 

were used for studying the photocatalytic activities of concrete. The presence of glass 

enhanced the photocatalytic NO removal activity, as the transfer of the UV light through the 

glass particles increased the ability of the photocatalytic oxidation. Parallel to that, the use 

of transparent glass as aggregate showed a higher NO removal rate compared to mix 

prepared with light green glass [41]. A conclusion that can be derived is that the utilization 

of glass as concrete aggregate can enhance the photocatalytic oxidation of concrete 

containing titanium oxide. 
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3.4 Conclusion 

  The state-of-the-art-of the utilization of waste glass in concrete is presented in this 

chapter. It is shown that there is need for a future research. Efforts have been made to 

address individually each problem that appears in concrete when using glass; however, a 

complete design which includes solutions for all problems, is still needed. Waste glass is a 

plentiful material which has no significant value for the glass recycling companies and 

hence, is sent to landfill. Its use in concrete can only improve the situation as no more 

landfilling would be needed but also a reduction of extraction of raw materials for concrete 

is expected. Additionally, glass is a material which in many cases has the same particle size 

distribution as sand or aggregates and this similarity makes it appropriate for partial 

replacement of the traditional sand or aggregates. Moreover, a combination of sand, 

aggregates and glass provides a denser material with an improved particle packing. A 

material with optimized packing is less porous (lower void fraction) and has better 

mechanical properties. 

 However, in practice many problems occur when waste glass is applied in concrete. As it 

was explained, the strength of concrete with glass is reduced compared to conventional 

concrete and only a replacement of up to 20% has proven to present insignificant difference 

in flexural and compressive strengths compared to conventional concrete. Furthermore, the 

alkali silica reaction causes uncertainties in its utilization. Glass powder has been proven to 

be less susceptible compared to other glass particle sizes to the ASR. Mitigation of the 

reaction can be achieved by the addition of pozzolanic materials.  

 Except for the issues presented in Paragraph 3.2, some noteworthy perspectives have been 

also analyzed in Paragraph 3.3. As glass is transparent, its utilization in concrete can lead to 

the creation of a semi-transparent material, attractive not only for architectural applications 

but also for energy-saving strategies in terms of reducing the demand for artificial lighting. 

Another perspective is that the photocatalytic oxidation phenomenon for self-cleaning 

materials can be enhanced by the presence of glass because more light can be transferred 

to the photocatalyst (TiO2). 

 By this synopsis, the real challenge for the future design of concrete with waste glass is to 

approach the optimum way in order to achieve acceptable strength but also to avoid the 

deleterious alkali silica reaction. The balance should be found between the particle size and 

the used amount of the glass. The higher the amount of the waste glass incorporated in 

concrete, the better it would be for the environment. The application of waste glass in 

concrete has been investigated for each problem separately by many researchers, but not 

for all the problems combined. From the other side, higher translucency is also a significant 

issue which should be optimized, except for the neutralization of ASR and the increase of 

the strength. 
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4. Materials processing 

4.1 Materials used in this thesis 

 The materials that have been used for this research are listed in Table 4.1. Further 

information about the characterization of materials (density, particle size distribution, water 

content) will be presented in detail in Chapter 5. Figure 4.1 shows the different fractions of 

the waste glass used in this thesis. The waste glass used in this thesis originates from Malta 

glass recycling company. All of the different glass fractions are landfilled around the factory, 

as they cannot further reused for recycling (only particles higher than 15 mm). This means 

that they are exposed to outdoor weather conditions. 

Table 4.1: List of used materials 

Materials Type of material 

White cement Powder 

Fly ash Powder 
Limestone Powder 
White Slag Powder 

Standard Sand Fine aggregate 
Standard gravel Coarse aggregate 
Glass powder Powder 

Glass sand of 0-1 mm Fine aggregate 
Glass sand of 1-3 mm Fine aggregate 

Glass particles of 3-8 mm (colored) Coarse aggregate 
Glass particles of 3-8 mm (clear) Coarse aggregate 

Glass particles of 0-15 mm (colored) Coarse aggregate 

 

a)  

b)  

Figure 4.1: a) From left to right: Glass gradations of  glass powder, glass sand of 0-1 mm and glass sand of 1-3 

mm. b) Glass particles of 3-8 mm (colored), 3-8 mm (clear) and 0-15 mm (colored) 
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4.2 Drying 

 The characterization of the physical properties of the materials (e.g. density, particle size 

distribution) requires dry materials. Water and moisture should necessarily be removed 

from the materials, so that the samples are homogeneous. Generally, the placement of the 

materials in an oven at 105 °C for 24 hours is enough to guarantee a complete evaporation 

of water. Firstly, three samples of 500 g for each material are weighted. After that first 

weighing, they are placed in the oven. 24 hours later they are re-weighted. The difference 

between the two recordings is the water amount which contains each sample of 500 g. 

Then, the samples return to the oven and are re-weighted after one hour. If the difference 

between the current and the previous recording is lower than 0.10%, then the sample is 

considered dried. The arithmetic mean of the measurements of the three samples is 

characterized as the water amount for each material. 

 For the waste glass, the drying procedure was necessary as the materials were collected 

from a glass recycling factory, where they were placed in the outdoor environment and 

were exposed to rainwater and moisture. The waste glass materials consist of glass which is 

not further reused for the recycling process and thus it is landfilled as a waste. The other 

materials (cement, sand, etc.) are considered dry, as they originate directly from a factory 

and are stored in dry conditions. Table 4.2 illustrates the water amount of the waste glass 

and Figure 4.2 presents glass fractions of 0-1 mm after drying. 

Table 4.2: Water amount of glass materials 

Materials Water content in mass % 

Glass powder 0.43 

Glass sand of 0-1 mm 2.93 

Glass sand of 1-3 mm 3.54 

Glass cullet of 3-8 mm (color) 4.98 

Glass cullet of 3-8 mm (clear) 4.51 

Glass cullet of 0-15 mm (color) 0.27 

 

 

Figure 4.2: Drying glass sand of 0-1 mm, after 24 hours exposed to 105 °C in the oven 
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4.3 Washing the waste glass 

 The glass materials originate from recycling, which means that they can be exposed to 

alcohol, sugar and other chemical substances, which may affect the mechanical properties 

of concrete. For this reason, washing is considered a necessary procedure in order to 

determine the different influence of washed and unwashed glass in concrete. For every 

glass size, the minimum size sieve was selected for washing. The material was placed in the 

sieve and water was started to flow. Then, by mixing the water with the glass size for several 

minutes, sugar and the other substances were dissolved and were removed through the 

openings of the sieve (Figure 4.3, right). The difference between washed and unwashed 

glass, can be captured in the colour of water. Figure 4.3 illustrates the difference between 

the water colour directly after washing glass particles of 3-8 mm and clean water. However, 

glass powder proved to be the most polluted of the different glass sizes, as the colour of the 

water was the darkest one. More specifically, the high surface area of the fineness of the 

glass powder, allow more pollution through the material.  Except for that, stickers, plastic 

and other non-glass materials such as porcelain, stones and ceramics were flowing into the 

surface of the water due to their lower density and there were easily removed from the 

sieve. 

 

Figure 4.3: Colour difference between fresh water and brackish water after flushing glass particles of 3-8 mm 

(left), glass powder (middle) and 3-8 mm glass particles on the sieve (right) 
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5. Laboratory techniques and measurements methods 

      5.1  Particle size analysis of materials  

The characterization of the particle size of each used material is an important step which 

influences the concrete design. The knowledge of the particle size distribution (PSD) of each 

material allows a more accurate and optimal design of concrete. For the particle size 

analysis, two different methods were performed in order to obtain the PSD. For materials 

with particles larger than 250 μm the PSD was determined by standardized sieves. For 

materials with particles smaller than 250 μm, a laser diffractometer was used. Table 5.1 

illustrates the separation of the sizes for both methods, for all the materials that were used. 

Table 5.1: Separation of sizes for all materials that were used, presented in μm   
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Sizes in μm 

Decreasing order    → 

16000 1000 91.20 5.01 

11200 710 60.25 3.31 

8000 500 39.81 2.18 

5600 355 26.30 1.44 

4000 250 17.37 0.95 

2800 180 11.48 0.63 

2000 125 7.58 0.41 

 

5.1.1 Sieving 

 All materials (expect for powders) were sieved under the same conditions according to EN 

933-1. All the materials were dried before sieving as described in Paragraph 4.2. Thereafter, 

three samples of 500 g for each material were collected. Suitable sieve sizes were chosen in 

every case based on the maximum particle size of each material. The distributed sizes for 

every material are included in Table 5.1. For every sample, suitable sieves were selected to 

build a sieving tower (Figure 5.2) and in the order of decreasing sieve opening sizes with the 

smallest one on bottom, followed by a metal tray. The tower was vibrated and initial 

measurements were taken. Then, the tower was re-vibrated until the final difference by 

mass for every sieve to be lower than 1% compared to the previous one. When this 

percentage difference was achieved for every sieve, the arithmetic mean of the three 

samples for each material was calculated and the PSD was created. Initially, the mass for 

every sieve was measured. When the vibration of the sieve tower ended, the mass for every 

sieve combined with the retaining material was measured again. The grading of the particle 

size can be expressed either in terms of percentage of mass passing through each sieve or in 

terms of cumulative passing. The cumulative passing was obtained by adding every time all 

of the percentages of materials kept into the sieves below the current sieve. The particle 

size distribution (PSD) of all the used solid materials is illustrated in Figure 5.1. 
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Figure 5.1: Particle size distribution (PSD) of all materials 

 

Figure 5.2: A tower of sieves (left), a single sieve (right) 

5.1.2 Laser diffractometer  

   In the case of fine materials (< 250 μm), a laser diffractometer was used to acquire the 

PSD. Mastersizer 2000 (Figure 5.3) was the diffractometer which was used to measure the 

PSD. At first, a small quantity of the material is collected. The powder of each material, 

before analyzing, is first mixed manually to ensure that the sample is homogeneous. The 

powder is then dispersed in the diffractometer in an appropriate liquid (water in case of 

non-reactive powders, propanol in case of binders). The materials measured by the 

diffractometer can be found in Table 4.1 in the ˶powder type   category.  
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Figure 5.3: Mastersizer 2000 diffractometer for the PSD measurement of fine materials 

5.2 Specific Density 

  For the determination of the specific density of solid materials, the standard EN 1097-6      

was used. For each dried material, three samples were measured. At first, the weight of 

each sample was measured. Then, each sample was placed in the pycnometer (Figure 5.4, 

left). The pycnometer is used for the calculation of the true volume of each sample and is 

connected to a gas bottle (Figure 5.4, right) which contains helium. The gas is dispersed 

around the material that is placed inside the pycnometer and then the volume of each 

sample is measured. The pycnometer measures the amount of the displaced gas, which in 

this case is helium (inert gas) and then it determines the volume. When the true volume is 

obtained, the specific density of each material is calculated as follows: 

  
    

    
 

Where: Msol-mass of the sample and Vsol-volume of the sample. The final density for each 

analyzed material is the average density measured for three samples. The specific density of 

each material used in this study is presented in Table 5.2. 

 

Figure 5.4: The pycnometer (left) and the connection with the helium gas bottle (right) 
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Table 5.2: Specific density of used materials 

Materials Density (in g/cm3) 

White cement 3.082 
Fly ash 2.343 

Limestone 2.710 
White slag 2.936 

Standard sand 2.649 
Standard gravel 2.620 

Glass powder 2.492 
Glass sand of 0-1mm 2.510 
Glass sand of 1-3mm 2.507 

Glass cullet of 3-8mm (colour) 2.505 
Glass cullet of 3-8mm (clear) 2.505 

Glass cullet of 0-15mm (colour) 2.505 

 

5.3 Chemical composition of waste glass 

An X-Ray fluorescence analysis (XRF-analysis) was performed to determine the chemical 

composition of the waste glass. The loss on ignition (LOI) of 2.2% was calculated. Table 5.3 

provides the information on the chemical composition of the waste glass.  

Table 5.3: Chemical composition of glass powder 

Components Chemical symbol Glass powder (LOI included) [2.2%] 

Sodium oxide Na2O 11.38 
Magnesium oxide MgO 1.347 
Aluminium oxide Al2O3 1.955 

Silicon dioxide SiO2 69.661 
Sulfur trioxide SO3 0.124 

Potassium oxide K2O 0.792 
Calcium oxide CaO 11.686 

Titanium dioxide TiO2 0.071 
Chromium oxide Cr2O3 0.069 

Manganese oxide MnO 0.016 
Iron oxide Fe2O3 0.352 

Cobalt oxide Co3O4 0.002 
Copper oxide CuO 0.004 

Zinc oxide ZnO 0.019 
Rubidium oxide Rb2O 0.003 
Strontium oxide SrO 0.019 
Zirconium oxide ZrO2 0.144 

Silver oxide Ag2O 0.087 
Barium oxide BaO 0.070 

Lead oxide PbO 0.049 
Chloride Cl 0.038 
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5.4 Properties of concrete:  fresh and hardened state 

Fresh and hardened state properties of concrete have both been tested in this study. For 

the fresh concrete, the most important workability indicators are the slump and flowability. 

The basic element that contributes to concrete workability is the water amount in the mix. 

The flowability of concrete is considered good, when no segregation of the paste from 

coarse aggregates appears but also when no bleeding is observed and at the same time the 

mix is flowable. For the hardened state, the strength of concrete is considered as the most 

important property. For this reason, the flexural and the compressive strengths will be 

studied here.   

5.4.1 Fresh state flow table test 

The spread flow test measures the horizontal spread of fresh concrete and determines if the 

ratio of the SCC (analyzed in Chapter 6) samples is suitable or not. The European standard 

EN 1015-3 was followed. A cone (Hägerman cone, Figure 5.5) is placed in the center of the 

plate and filled with concrete. Then, the steel mold is lifted vertically and the horizontal 

spread of the concrete is measured, by the arithmetic mean of two perpendicular 

measurements. By measuring the spread of the concrete, it can be concluded whether the 

concrete is flowable or not, but also if it is susceptible to segregation. Generally, when 

segregating, the paste will tend to separate from the coarse aggregates around the 

perimeter of the concrete circle. 

 

Figure 5.5: Hägerman cone filled with concrete 

5.4.2 Hardened state  flexural and compressive strengths 

 The testing of flexural and compressive strength of concrete is described in EN 196-1. 

During casting, the concrete is poured into plastic molds of 40 x 40 x 160 mm (Figure 5.6, 

middle). Three prisms can be cast in every mold, as shown in Figure 5.6, left. After casting, 

the molds are covered with plastic to prevent the evaporation of water. When the mix is 

hardened for 1 day (in case of glass content concrete, it needs 2 or 3 days for concrete to be 

hardened), demoulding is performed (Figure 5.6, right) and the mortar prisms are immersed 
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in water and stored at room temperature. Subsequently, the strength measurements are 

performed after 1 to 3 (depending on the hardening), 7 and 28 days. 

 

Figure 5.6: Plastic molds (left) , moulding (middle), demoulding (right) 

For the flexural strength, the specimens were placed in the controlled testing machine. Each 

sample is tested and the average of the three samples each time is considered as the 

flexural strength for every mix. The remaining halves of the specimens are then used for the 

measurement of the compressive strength. In the case of compressive strength, the final 

value is the average of six samples. The strength test set-up for the flexural test is presented 

in Figure 5.7, whereas Figure 5.8 illustrates the flexural and compressive strength test 

equipment. 

 

Figure 5.7: Set-up and sample dimensions for the flexural test in mm , based on EN 196-1 



34  
 

 

       

Figure 5.8: Flexural test (left) , compressive test (right) 

5.5 Alkali silica reaction test 

For the alkali silica reaction test, RILEM TC 106-AAR guideline was followed [44]. This test 

method is used to determine rapidly the alkali-reactivity of aggregates through the 

evaluation of the expansion of concrete prisms, immersed in NaOH solution at 80 °C for 14 

days. Based on the test, concrete prisms were cast in steel moulds, with two metal pins 

inserted. The metal pins are used for the measurement of the expansion as they are not 

reactive. The prisms remained in the moulds until the concrete hardened. Directly after 

demoulding, the length of the prisms is measured (accuracy of 0.002 mm) and they were 

placed in a container with distilled or deionized water, immersing them completely. 

Subsequently, the prisms were placed in an oven at 80 °C for a period of 24 hours. After 24 

hours, the length of the prisms was measured again (Lo) with a length comparator (Figure 

5.9), where the values are always compared with the same reference wooden bar for 

verification. When the Lo was measured, the prisms were placed in a container with 1M 

NaOH solution. Finally, the containers are returned to the oven at 80 °C and subsequent 

measurements (Ln) of the prisms are taken periodically after 24 hours. 

       

Figure 5.9: Length comparator with the reference wooden bar (left), prisms placed in containers (middle), 

containers placed in oven (right) 
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  Ln should be measured at least at three different times (ages) before the final 

measurement at 14 days. The expansion of each mix is the arithmetic mean of the results 

obtained on three prisms. The expansion is obtained by calculating the difference between 

the length of the prism Ln (where n= days after placing in NaOH solution) and the zero 

measurement (Lo), divided by the initial length Li of the prism (160 mm). More detailed: 

                   
(     )

  
 

  The ASR-induced expansion is considered deleterious for the lifespan of concrete, if after 

14 days of submersion in NaOH solution the expansion of the prism is higher than 0.10% 

(160 μm for 160 mm initial length). Otherwise the concrete is not highly ASR- reactive. 

5.6 Translucency test 

For the implementation of this test, two steps were followed. The first step implies the 

design of a plate with glass concrete, capable of being transparent. The second step implies 

the method of measuring its transparency. 

5.6.1 Concrete plate design 

The design of a plate which would be translucent to visible light can be achieved in several 

ways. In this research, the casting of a concrete cube was chosen as the most appropriate 

way. At first, a cubic mold of 150 x 150 x 150 mm was selected for casting of the concrete, 

as depicted in Figure 5.10. After demolding, the concrete cube was stored in water for 

several days to harden.  

  

Figure 5.10: The concrete cube for the production of transparent plates 

  Plates of different thicknesses were extracted from the cube using a precision diamond 

saw as depicted in Figure 5.11. The saw cuts the cube perpendicular to its top surface for an 

efficient translucent result (glass particles normally are placed horizontally during 

gravitational powers). 
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  Before the plate is measured for the light transmittance, polishing with progressively finer 

grinding tools was performed for creating a smooth and shiny surface. The grinding tools are 

progressive grits of diamond grinding cup wheels and diamond polishing pads. Flex LE 12-3-

100 polishing device with variable speed and wet polishing was applied in this research. 

Figure 5.12 illustrates a plate during polishing. 

 

Figure 5.11: The cutting of the cube for the production of plates (left), a plate (right) 

 

Figure 5.12:  A plate during polishing 

 

 

 

 

 

http://en.wikipedia.org/wiki/Grit_size
http://en.wikipedia.org/wiki/Diamond_grinding_cup_wheel
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5.6.2 Translucency measurement  

 For the measurement of the light transmittance of the plates, a Lux meter was used. The 

Lux meter is directly connected with a sensor which receives light through all directions and 

calculates the luminous flux per unit area. Then, the sensor is placed in a wooden set-up, 

where all of its surfaces are closed except for the top one. The box is shifted in such a way 

that direct sunlight hits the top surface. At first, the sky luminance is measured. The sensor 

is placed in the middle of the box and no barriers cover the top surface, when the sky 

luminance is measured. Soon after that, the concrete plate is placed on the top surface, in 

order to avoid fluctuations of the luminance of the sky. The amount of lux if the light that 

passes through the plate, divided by the sky luminance is the percentage of translucency of 

the plate. For a higher accuracy, the light transmittance of a single plate is obtained by the 

arithmetic mean of the two sides of each plate, as the glass particles do not have the same 

shape through both sides of the plate. Except for that, an artificial lighting has also been 

used in order to provide steady light transmittance. Figure 5.13 presents a detailed overview 

of the test in the outdoor environment. It should be noted that also an artificial 

environment has been used to show the correlation between the results of it and of the 

outdoor environment. 

 

Figure 5.13: The set-up of  for the sky luminance (left), for the light translucency of a plate (right) 
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6. Mix design 

  In this chapter, an overview of the mixes that were designed and their scope will be 

presented. Furthermore, the method that was followed for the optimization of the 

composition of mixes will be discussed. 

6.1 Self-compacting concrete (SCC) and the optimization algorithm 

 All mixes were designed and prepared as self-compacting concrete (SCC). In practice this 

means that there was no need to vibrate the molds when concrete was cast, because of the 

excellent workability (flowability) and de-airing properties of SCC. The flowability of SCC is 

highly influenced by its high powder content (fines ≤ 125 μm) but also by its w/c ratio. As 

shown in Chapter 4, white cement, fly ash, limestone, white slag and glass powder were the 

powders used in this research. 

In the mix design an algorithm based on the modified Andreasen and Andersen (A&A) 

model of particle packing was used [37]. An optimized particle packing contributes to an 

optimal strength of concrete. If the material is denser, then fewer pores are in the matrix of 

the concrete and higher mechanical properties are obtained. The A&A was used is given as 

follows: 

                                     P( )  
       

 

    
 

  
   
                                        (6.1) 

In this formula, Dmin and Dmax characterize the minimum and the maximum particle sizes of 

all used materials. The symbol q describes the distribution modulus, which determines the 

proportion between the fine and coarse particles in the mixture. By using this formula, the 

designed concrete will present denser packing of the solid ingredients, which in turn will 

cause increased strength of the hardened concrete as well as improved fresh-state behavior 

(workability) of the fresh concrete. For self-compacting concrete, the ideal q varies between 

0.21-0.25 [37]. In this research, all mixes had a distribution modulus of 0.23. 

6.2 Design approach 

  For every mix, the particle size distribution, the density of every material but also the 

maximum and minimum particle size was needed. The solver function of Excel was used to 

optimize the concrete mixture composition. By introducing the Dmax, Dmin, the water to 

cement ratio, the constraints (e.g. minimum or maximum cement content) and the 

distribution modulus, solver was able to calculate the target curve of the mixture. Then, by 

incorporating the PSDs of the used materials, the optimized curve of the mixture was also 

created. The optimized curve for every mixture was calculated to be the closest fit to the 

target curve, based on some constraints that will be discussed in the next paragraph. 
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6.2.1 Constraints 

The amount of white cement was the same for every mixture of the 1st and 2nd series of 

mixes and more specifically, 360 kg/m3 of concrete.  The amount of fly ash was always 

between 25-30% of the mass of white cement, which in that case contributes to 100 kg/m3 

of concrete. The first two constraints were applied in order to have homogeneity for every 

mix and to perform precised comparisons.  For the mixes of the 3rd series the quantity of 

white cement changed to 400 kg/m3. For a more profound design of constituents in SCC, the 

European Guideline for SCC was followed [45]. Table 6.1 presents all the typical ranges of 

constituents for the SCC given in [45]. 

Table 6.1: Typical range of SCC mix composition based on European Guidelines for SCC [45] 

Constituent Typical range by mass (kg/m3) Typical range by volume 
(liters/m3) 

Powder ( <125 μm) 380-600  
Paste  300-380 
Water 150-210 150-210 

Coarse aggregates (>2 mm) 750-1000 270-360 
Fine aggregates (<2 mm) Content balances the volume of the other constituents, typically 

48-55% of total aggregate weight 
Water/powder ratio by vol. 0.30-0.35 0.85-1.10 

                                                                                                                                                                

The values given in Table 6.1 are not restrictive, as the ideal proportions of the designed SCC 

should be validated in the terms of workability in the fresh-state stage and adequate 

strength in the hardened state. However, by following the proportions of Table 6.1 for all 

the mixes, in most of times acceptable workability can be achieved. A superplasticizer (SP) 

Glenium 51 (BASF) was also applied to every mix. Superplasticizers are also known as high 

range water reducers and are chemical admixtures which improve the rheology and 

flowability of fresh concrete. By adding the SP to concrete, reduction of water to cement 

ratio is obtained. However, an overdosage of SP can cause problems with the strength of 

concrete and that is why the proportion should be limited to 1% of the mass of cement (as 

recommended by the producer) used for every concrete. For mixes with high glass content, 

an increase of SP up to 2-3% was necessary. Glass and especially glass powder is a highly 

water absorbing material and the amount of SP for every mix was determined by visual 

observation. Further information about the percentage of SP for each mix is presented in 

the Appendix. 

6.2.2 Reference concrete  

 The reference concrete (Mix 1) prepared in this research consists of white cement and 

conventional aggregates and sand. No glass has been added to that mix and it was designed 

specifically for comparison with concretes with glass. Tables 6.2 and 6.3 show some further 

information about the reference concrete and Figure 6.1 illustrates the optimized curve for 
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the PSD of the mix and its deviation from the target curve. An amount of 3% of air per liter 

was assumed in the mix. 

Table 6.2: Used materials and proportions of reference concrete (Mix 1 in this study)  

Materials Mass  [kg] Volume [m3] 

White cement (CEM I 52.5) 361 117.1 
Fly ash 99.8 42.6 

Limestone 114.7 42.3 
Standard Sand (0-3 mm) 813.5 307.1 

Standard Gravel (2-8 mm) 734.6 280.4 
Water 180.5 180.5 

Air - 30 
Total 2304.1 1000 

 

Table 6.3: Characteristics of reference concrete 

Water to cement ratio (by mass) 0.50 

Water to powder ratio (by volume) 0.88 
Powder (kg/m3) 580 

Coarse aggregates (kg/m3) 770 
Dmin (μm) 0.96 
Dmax (μm) 8000 

 

 

Figure  6.1: PSD of reference concrete (Mix 1, Tables 6.2 and 6.3) 

 Partial or total replacement of one or more materials of the reference concrete with glass 

materials has been applied. The replacement of conventional aggregates with glass 
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aggregates has been applied volumetrically. Superplasticizer has been used to improve the 

flowability of the reference concrete. The amount of 0.8% of the total amount of the 

cement was the SP content for the reference mix. 

6.2.3 Mixtures with recycled (waste) glass 

  Different series of mixes have been designed, to obtain satisfactory results for every test. 

However, it should be mentioned that efforts have been made for the design of one or more 

mixes which can present satisfactory results in all tests at the same time (strength, ASR, 

translucency, photocatalytic test). In this paragraph, some details of all the designed mixes 

are presented. A more analytical overview of the mixes is presented in Appendix. The 

concrete design performed in this study was targeted to obtain SCC mixtures with a 

minimum 28-day compressive strength of 40 MPa (which is a sufficient strength for having 

thin hit strong translucent concrete plates, based on a previous survey performed by Van 

Lieshout [20]), using low cement content, maximum glass content and being resistant to 

ASR. Mixes with partial replacement of conventional aggregates but also total replacement 

have been developed. In this study, SCC mixtures were developed in 3 different series. The 

design targets of each series are listed below. 

The 1st series was designed with basic scope the recognition of the behavior of different 

glass sizes in terms of strength when they are incorporated in concrete. Mixes 2 and 3 are 

the mixes with the high glass content. The only difference between them was the presence 

of fly ash in the second mix. They were designed in order to investigate how a mix which is 

composed only of glass behaves in terms of the strength and alkali-silica reaction. Mixes 4, 5 

and 6 were designed to replace totally one conventional material of reference concrete with 

a glass material of the same size. More detailed, Mix 4 replaces gravel with glass particles of 

3-8 mm, Mix 5 replaces limestone with glass powder and Mix 6 replaces sand with glass 

sand of 0-1 mm and 2-3 mm. However, the total content of glass in every of that mixes was 

different.  

 The 2nd series of mixes included a partial replacement of standard gravel with glass particles 

of 3-8 mm (Mix 7), to demonstrate how partial replacement of a single material differs from 

total replacement. Mixes 8 and 9 had similar materials as those in Mix 2, but with 50% 

replacement of all aggregates compared to 100% of Mix 2. Additionally, Mix 9 did not 

consist of glass powder. Finally, Mix 10 consisted of the same proportions as in Mix 9, but in 

that case, larger glass particles (up to 15 mm instead of only 8 mm) have been applied.  

The 3rd series focused on the development of SCCs with only cement, powder and glass. 

More specifically, higher amount of glass was applied in that case, but also no conventional 

aggregates were used. However, the 3rd series could not antagonize the first two series in 

the terms of strength, as a higher presence of glass (about 55-60%) influences the 

mechanical properties of concrete. For this reason an increase of the cement and the binder 

content compared to the first series was considered as necessary. Different cement and 
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binder content and w/c ratio have been used in the 3rd series in order to ensure sufficient 

mechanical properties. Mix 11 was designed to exhibit satisfactory mechanical properties 

with the highest possible glass content. Initially, 60.8% of its total volume was waste glass. 

However, the presence of glass powder was a main factor of its decreased strength. Based 

on that fact, in Mix 12 the glass powder was replaced by the white slag compared to Mix 11, 

mostly for its effective suppression to ASR. However, segregation and bleeding were 

observed during the flow table test. For this reason, Mix 12b was designed with the addition 

of limestone to limit the segregation of the materials. Although the strength results at that 

case were slightly better compared to that of Mix 12, the high water to cement ratio (0.55) 

caused an increased flowability. Furthermore, the presence of limestone powder reduced 

the segregation but did not eliminate it. Mix 12c was designed with only one main 

difference compared to Mix 12b; the w/c ratio was reduced from 0.55 to 0.44, but the mix 

was not flowable enough and segregation was still observed. Mix 12d, was designed with 

slightly higher w/c ratio than Mix 12c (0.46) but also higher content of limestone to 

eliminate the segregation. The stability of Mix 12d was enhanced, as it was obviously a self-

compacting concrete with inexistent segregation. However, Mixes 12 and 12d both failed to 

ASR test. As a result, based on Mix 12d, fly ash was incorporated in the concrete in about 

30% replacement of the white slag. This was done to improve the ASR resistance and to 

maintain the white colour of the concrete, as it was one of the design targets. The final 

mixes of 3rd series were 12e and 12f, which both passed the ASR test.  

Table 6.4: Outline of the mix design targets 

 Mixes Explanation 

1
ST

 S
ER

IE
S Mix  1 Reference concrete. Absence of glass. Standard sand and aggregates 

Mix 2 Total replacement by volume of every single material of reference concrete with glass 
materials, and with the addition of fly ash. 55.6% glass per liter of concrete. 

Mix 3 Total replacement by volume of each glass material of reference concrete with glass materials 
(no fly ash). Use of the maximum waste. 51.2% glass per liter of concrete. 

Mix 4 Total replacement by volume of standard gravel of reference concrete with glass particles of 
3-8 mm. 28.2% glass per liter of concrete. 

Mix 5 Total replacement by volume of limestone of reference concrete with glass powder. 10.1% 
glass per liter of concrete. 

Mix 6 Total replacement by volume of standard sand of reference concrete with glass sand of 0-1 
mm and glass sand of 1-3 mm. 30.7% glass per liter of concrete. 

2
N

D
 S

ER
IE

S Mix 7 Partial replacement of 20% by volume of standard gravel of reference concrete with glass 
particles of 3-8 mm. 5.6% glass per liter of concrete. 

Mix 8 Partial replacement of 50% by volume of limestone, sand, and gravel of reference concrete 
with glass materials. 31.3% glass per liter of concrete. 

Mix 9 The same mix as Mix 8, but with absence of glass powder. 32.3% glass per liter of concrete. 

Mix 10 The same mix as Mix 9, but 0-15 mm glass particles were used instead of 3-8 mm. 28.6% glass 
per liter of concrete. 
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3
R

D
  S

ER
IE

S Mix 11 Composed of only cement and waste glass, including the glass powder. 60.8% glass per liter of 
concrete. 

Mix 12 Optimization of Mix 11. No glass powder, but with an addition of white slag. 60.5% glass per 
liter of concrete. 

Mix 12b Optimization of Mix 12. Addition of 2.5% of limestone to the mix.  56.2% glass per liter of 
concrete. 

Mix 12c Optimization of Mix 12b. Reduction of w/c ratio from 0.55 to 0.44 and increase of limestone 
content to 3.6%. 

Mix 12d Optimization of Mix 12c. Elimination of segregation. Increase of limestone content to 5.5% by 
mass, increase of w/c ratio to 0.46. 

Mix 12e The same mix as Mix 12d, but replacement of white slag by 30% of fly ash to present low 
expansions due to ASR and to maintain the white colour of the mix. 

 Mix 12f Same to Mix 12d, but increase of white slag and reduction of limestone at the same time. 
Effort of reducing ASR by a white colour concrete (no fly ash). 

 

Figure 6.2 illustrates the fracture surfaces of the SCC prisms developed in the 1st series. It 

can be easily observed, that only the third mix (Fig. 6.2, c) presents a white colour. This is 

caused by the presence of fly ash in the other mixes, which creates a gray colour of the 

concrete. All the mixes of the 2nd series are alike Mix 4 of Figure 6.2 and deliberately there 

are no pictures of that series. 

a) b) c)  

             d)  e) f)  

 Figure 6.2:  a) Mix 1, b) Mix 2, c) Mix 3, d) Mix 4, e) Mix 5, f) Mix 6 

  Most mixes developed in this research consist of either fly ash or white slag or combination 

of them. Both fly ash and slag are pozzolans, which can suppress the ASR and for this reason 

they have been used in almost every mix. In 3rd series, fly ash has been used as an additional 

suppressor only to Mix 12e. White slag was used in every mix of 3rd series. The absence of 



44  
 

 

fly ash in the most of mixes of 3rd series creates a white SCC. Figure 6.3 presents the fracture 

surfaces of the SCCs developed in the 3rd series.  

a) b) c)  

d)  e) f)  

Figure 6.3: a) Mix 11, b) Mix 12, c) Mix 12b,  d) Mix 12c, e) Mix 12d, f) Mix 12e . 
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7. Analysis of results 

7.1 Mechanical properties 

Table 7.1: 1
st 

series, materials and proportions in kg/m
3
 

 Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 

Materials (kg/m3)       
White cement (CEM I 52.5) 360 360 360 360 360 360 

Limestone powder 115 - - 111 - 111 
Fly ash 100 100 - 100 100 100 

Standard Sand (0-3 mm) 813 - - 813 663 - 
Standard Gravel (2-8 mm) 735 - - - 732 740 

Glass powder - 99 287 - 252 - 
Glass sand of 0-1 mm - 265 83 - - 666 
Glass sand of 1-3 mm - 106 82 - - 104 

Glass aggregates of 3-8 mm - 782 828 708 - - 
Water 180 252 342 180 180 180 
Total 2303 1964 1982 2272 2287 2261 

 

Table 7.2: Characteristics of the 1
st 

series 

 Cement efficiency of compressive 
strength [MPa·m3/kg] 

Glass content [vol. %] w/c ratio 

Mix 1 (Reference SCC) 0.1684 - 0.50 

Mix 2 0.0605 55.60 0.70 

Mix 3  0.0351 51.15 0.95 

Mix 4 0.1129 28.20 0.50 

Mix 5 0.1241 10.10 0.50 

Mix 6 0.1281 30.70 0.50 

 

Mixes 2 and 3 were composed of only cement (plus fly ash) and waste glass, to investigate 

the properties of SCC with the highest possible glass content. As can be seen in Figures 7.1 

and 7.2, Mix 3 is characterized by a low flexural and compressive strength. Although Mix 3 

does not contain the highest glass content (51%), the absence of binders such as fly ash or 

slag influenced its mechanical properties. Mix 2 is the mix with the highest glass content 

(55%), however, the presence of fly ash increases its compressive strength compared to Mix 

3 by about 70%, and its flexural strength by about  40%. Furthermore, both mixes presented 

very low strength at the early age. It was observed that, at least three days were needed for 

these mixes to harden. Moreover, both mixes required high amount of SP (around 3%) and 

their flowability was still not satisfactory. The glass powder was the main factor responsible 

for the delayed setting of cement. Glass powder was the most polluted glass type of all the 

used glass fractions, and its utilization affected the properties of concrete in both fresh and 

hardened states.  
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Figure 7.1: Compressive strength of the 1
st

 series 

Figure 7.2: Flexural strength of the 1
st

 series 

  Mixes 4, 5, and 6 are characterized by a total replacement of a single conventional 

aggregate of the reference concrete with glass material of a similar particle size. Mix 4 

consists of total replacement of gravel with glass particles of 3-8 mm, Mix 5 consists of total 

replacement of limestone with glass powder, and Mix 6 consists of total replacement of 

normal sand with glass sand. Every replacement was done volumetrically. All of these three 

mixes showed a reduction of 25-30% of their compressive strength and flexural strength 

respectively compared to the reference concrete. However, the glass content was not the 
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same for the three mixes. Mix 6 had the highest glass content and Mix 5 the lowest, about 

1/3 of the content of Mix 6. Mix 4 had slightly lower content of glass than Mix 6. Based on 

that fact, it can be observed through Figures 7.1 and 7.2 that glass sand seems to be the 

most appropriate glass size for replacement and glass powder the worst in terms of the 

strength of concrete. In terms of the early strength, the mix with the glass sand had higher 

early age strength than the other two mixes with glass aggregates and glass powder. 

Moreover, the mix with the glass powder needed the highest amount of SP compared to the 

other two mixes (Mix 4 and Mix 6). Glass powder is characterized by a high specific surface 

area, which makes it a highly absorbing material.  

Table 7.3: 2
nd

 series, materials and proportions 

 Mix 7 Mix 8 Mix 9 Mix 10 

Materials (in kg/m3)     
White cement (CEM I 52.5) 360 360 360 360 
Limestone powder 113 83 104 104 
Fly ash 101 104 104 104 
Standard sand (0-3 mm) 813 375 354 407 
Standard gravel (2-8 mm) 587 375 375 375 
Glass powder - 93 - - 
Glass sand of 0-1 mm - 167 302 88 
Glass sand of 1-3 mm - 196 152 303 
Glass aggregates of 3-8 mm 140 329 332 708 
Glass aggregates of 0-15 mm - - - - 
Water 180 180 180 180 
Total 2296 2263 2264 2266 
 

Table 7.4: Characteristics of the 2
nd

 series 

 Cement efficiency of compressive 
strength [MPa·m3/kg] 

Glass content [vol. %] w/c ratio 

Mix 7 0.1656 5.60 0.50 

Mix 8 0.1105 31.30 0.50 

Mix 9 0.1327 32.30 0.50 

Mix 10 0.1129 28.60 0.50 
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Figure 7.3: Compressive strength of the 2

nd
 series 

Figure 7.4: Flexural strength of the 2
nd

 series 

  Mix 7 consists of 5.6% glass by the volume of concrete. Only the glass aggregates of 3-8 

mm have been applied. In this SCC mixture the replacement of gravel with glass particles 

was 20% by the volume and there is a clear indication in Figures 7.3 and 7.4 that a partial 

replacement of a single aggregate up to 20% does not affect significantly the strength of 

concrete. For Mix 8 and Mix 9, a partial replacement up to 50% of all conventional 
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aggregates of reference concrete with glass aggregates has been applied. However, no glass 

powder was used in Mix 9. Both mixes have approximately the same glass content by the 

volume of concrete. By analyzing Figure 7.3 and 7.4, it can be noticed that Mix 9 without 

glass powder showed higher flexural and compressive strength than Mix 8. Mix 10 presents 

a slightly reduced strength compared to Mix 9. The larger glass particle size (0-15 mm) in 

Mix 10 may be responsible for this decrease of strength.  

Table 7.5: 3
rd

 series, materials and proportions 

 Mix 11 Mix 12 Mix 12b Mix 12c Mix 12d Mix 12e Mix 12f 

Materials ( in kg/m3)        
White cement (CEM I 52.5) 440 400 400 400 400 400 400 

Limestone powder - - 66 98 150 150 102 
White slag - 105 100 100 100 70 151 

Fly ash - - - - - 30 - 
Glass powder 218 - - - - - - 

Glass sand of 0-1 mm 192 458 362 368 285 285 320 
Glass sand of 1-3 mm 280 186 214 309 332 328 297 

Glass aggregates of 0-15 mm 834 873 835 815 811 808 - 
Glass aggregates of 3-8 mm - - - - - - 569 

Glass aggregates of 8-15 mm - - - - - - 300 
Water 220 200 220 176 182 182 182 
Total 2184 2222 2197 2266 2260 2253 2321 

 

Table 7.6: Characteristics of the 3
rd

 series 

 Cement efficiency of compressive 
strength [MPa·m3/kg] 

glass content [vol. %] w/c ratio 

Mix 11 0.0554 60.8 0.50 

Mix 12 0.0801 60.5 0.50 

Mix 12b 0.0921 56.2 0.55 

Mix 12c 0.0981 59.4 0.44 

Mix 12d 0.1126 56.9 0.46 

Mix 12e 0.1052 56.6 0.46 

Mix 12f 0.1038 56.1 0.46 

 

Mix 11 presented the lowest strength results, mainly due to the application of glass powder, 

which influences negatively the compressive and flexural strength. The compressive and 

flexural strengths of Mix 12 increased by 31% and 38% respectively, compared to Mix 11. 

The absence of glass powder in Mix 12 was possibly the reason of that increase. For Mix 

12b, the small elimination of the segregation has an impact on increasing the strengths 

compared to Mix 12. The 28-day strength of Mix 12c increased 6.6% for the compressive 

and 21.5% for flexural compared to Mix 12b, but there was still a slight segregation 

observed. As seen in Figures 7.5 and 7.6, the compressive and flexural strength results of 
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Mix 12d were the optimal of all the previous mixes of the 3rd series, reaching approximately 

45 MPa for compressive strength and 7.1 MPa for flexural strength respectively. The results 

obtained for Mix 12e were comparable to those of Mix 12d, suggesting that a small 

replacement of white slag with fly ash, does not influence significantly the strength results. 

Moreover, Mix 12d had an increased glass content (from 30% to 57%) compared to Mix 6b 

of [20] (the best mixture developed in that study) and, at the same time, the compressive 

and flexural strengths were higher by 70% and 10% respectively. Mix 12e presented a slight 

decrease in its compressive strength compared to Mix 12d by 6.5%, but a higher decrease of 

its flexural strength by 12%, showing that a small replacement of white slag with fly ash 

does not necessarily influence the mechanical properties of the mix, but it reduces them to 

a small extent. Finally, Mix 12f presented similar strengths compared to Mix 12e, as both 

flexural and compressive strengths were almost the same (Figures 7.5, 7.6). Although Mix 

12d was the best one of the 3rd  series, due to its failure on the ASR test, the Mixes 12e and 

12f were created, which are characterized by lower compressive and flexural strengths but 

at the same time good resistance to the ASR test. 

 Figure 7.5: Compressive strength of the 3
rd

 series mixes along with Mixes 2 and 3 of 1
st

 series, all composed 

of cement, binders and glass materials  
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Figure 7.6: Flexural strength of the 3

rd
 series mixes together with Mixes 2 and 3 of 1

st
 series, all composed of 

cement, binders and glass materials  

7.1.1 Effect of the total replacement of a single aggregate fraction with glass 

   It is observed in Figures 7.1 and 7.2 that a 100% replacement of a conventional aggregate 

with glass of the same size always decreases the strength by about 30-35%. However, the 

results showed that glass powder replaced only 10.1% (by volume) of limestone (Mix 5) 

whereas, big glass particles replaced 28.2% of gravel (Mix 4) and the glass sand 30.7% of the 

conventional sand (Mix 6). This indicates that glass powder reduces the strength 

significantly more compared to the other two waste glass fractions (aggregates and sand). 

Additionally, the fresh state behavior (flowability) of Mix 5 was very poor, which also shows 

the negative impact of glass powder to the strength of concrete (more water and SP had to 

be used). 

7.1.2 Effect of fly ash 

  As seen in Table 7.1, Mix 3 consists of cement and glass of different sizes whereas Mix 2 

includes also fly ash. The compressive strength of Mix 2 increased by around 70% compared 

to Mix 3, whereas the flexural strength increased by about 40%. Fly ash had an impact on 

that increase as the total amount of binder in Mix 2 was 460 kg/m3 compared to 360 kg/m3 

of Mix 3. Moreover, the water to cement ratio (w/c) in Mix 2 was reduced in the presence of 

fly ash (0.70) compared to Mix 3 (0.95), resulting in higher mechanical properties. 
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7.1.3 Effect of different level of replacement of the aggregates with waste glass 

  Mixes 1, 4 and 7 contain the same constituents and only the ratios between the glass 

aggregates of 3-8 mm and round gravel changed. More specifically, Mix 1 (reference SCC) 

does not consist of any glass material but only gravel, sand, cement and fly ash, whereas in 

Mix 4 the gravel was replaced in 100% by an equivalent volume of glass with similar PSD and 

in Mix 7 the gravel was replaced in 20% by glass. Figure 7.7 shows the effect of partial 

replacement of a single type of aggregate by different percentages of glass, on the strength 

of concrete. For the compressive strength, a partial replacement of up to 20% (Mix 7) does 

not make any significant difference in the strength. The 100% replacement (Mix 4) 

decreases the compressive strength around 33% (Figure 7.7). For the flexural strength, the 

partial replacement of 20% (Mix 7) decreases the strength approximately 8%, whereas for 

the replacement of 100% (Mix 4) the strength is decreased to 30% (Figure 7.7) of the initial 

one (Mix 1). This clearly shows that a replacement up to 20% of gravel with glass particles 

does not influence significantly the hardened properties of concrete.  

 
Figure 7.7: Compressive and flexural strength of replacement of different percentages of a single aggregate 

(gravel with 3-8 mm glass particles). 

7.1.4 Effect of glass powder 

  As already analyzed in Paragraph 7.1.1, glass powder has a negative impact on the strength 

of concrete. Moreover, another example of the impact of glass powder on the strength of 

concrete can be obtained by a comparison of Mixes 8 and 9, which both contain the same 

materials and their proportions, and the only difference was the absence of glass powder in 

Mix 9. Although in Mix 8 the glass powder was only 3.7% by the total volume, it had a clear 

impact on the strength of concrete. In Figures 7.3 and 7.4, it is illustrated that the presence 

of glass powder in Mix 8 reduced the compressive strength by 18% and the flexural strength 

by 7% compared to Mix 9. Finally, in the 3rd series, by comparing Mix 11 (with glass powder) 

and Mix 12 (without glass powder), an increased compressive strength of 31% and flexural 
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strength of 38% for Mix 12 compared to Mix 11 were identified. In conclusion, although the 

glass powder was used in many different mixtures, the final conclusion was that the 

strength was reduced compared to the mix with the same characteristics but with no 

powder. Moreover, in the fresh state when glass powder was applied in mixes, a significant 

amount of SP was needed (> 3%) but also a much longer time was needed for the hardening 

of the samples (3 days). 

7.1.5 Effect of washing    

  The glass materials have been washed to investigate the influence of the washing 

(pollution) on the strength of concrete. More specifically, Mixes 2, 5 and 9 have been 

prepared with washed glass as well. The results are contradictory for the flexural and 

compressive strengths of every of the three mixes. Starting with Mix 2, it has been observed 

that the washed glass has a positive influence on the early age properties of concrete for 

both compressive and flexural strength. The reason was the elimination of the pollution 

from the powder (sugar, organics, etc.), which caused problems in the flowability of the 

samples. However, in both cases, the concrete mix in which washed glass was used had 

already lower strength after 7 days than the same concrete mix with unwashed glass. 

Although the differences were insignificant, it can be stated that the washing of the glass 

was not effective in increasing the ultimate strength of hardened concrete. For Mix 5, the 

results were very similar. As a result, washing the powder increased the flowability of the 

mix and also the early age strength to a very large extent. However, similarly to Mix 2, the 

hardened state properties were slightly reduced. The compressive strength reduced by 

about 22%, whereas the flexural strength reduced by about 15%. Mix 9 was the only one of 

the three mixes, where fresh and hardened state properties were almost the same for mix 

with washed and unwashed glass. Generally, it can be concluded that there is a clear 

improvement in the flowability when using washed glass and this can also be shown in the 

early strength results. In practice, the early age strength is very important for the production 

of pre-cast concrete elements (e.g. plates). However, in most cases it has been 

demonstrated that the final strength of concrete with washed glass was slightly lower than 

that with unwashed glass, which is not in agreement with the general aspect that the 

washed glass improves the mechanical properties of concrete compared to unwashed glass. 

From the other side, the differences were insignificant to convincingly demonstrate that 

washed glass considers worse compared to unwashed glass. 
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a)   b)  

c)  d)  

e)  f)  

Figure 7.8: Compressive and flexural strength of washed and unwashed samples. a), b): Mix 2, c), d): Mix 5, 

e), f): Mix 9. 

7.1.6 Cement and binder efficiency 

The results shown in Tables 7.2, 7.4 and 7.6 are also presented in the diagram of Figure 7.9. 

The diagram indicates the correlation between the cement efficiency of all mixtures and the 

total glass content. It is evident that the glass content influences the cement efficiency. 

When the glass content is approximately 30% (by volume), the cement efficiency has 

decreased by around 25% of its initial value and when the glass content is 60%, the cement 

efficiency is almost reduced by half. The same trend is presented when binder efficiency is 

compared to the total glass content (Figure 7.10). By analyzing these figures (7.09, 7.10), it 

can be concluded that up to 30% of total glass content in a concrete mix, the cement and 
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binder efficiencies are not significantly reduced, whereas for higher glass contents, the 

impact to the cement and binder efficiency is higher. 

 
Figure 7.9: Cement efficiency for different glass content 

               
Figure 7.10: Binder efficiency for different glass content 

7.2 Alkali-silica reaction (ASR) 

 The ASR-induced expansion test results of all mixes of 1st series and of Mix 9 of the 2nd 

series are presented in Figure 7.11. According to the recommendations given by RILEM TC 

106-AAR [44] the observed expansion is not considered deleterious. None of the mixes 

presented expansions higher than the limit of 0.10% after 14 days. Moreover, it can be 

observed that the particle size of the glass played a significant role in the expansion of the 

prisms for the mixes which had a replacement of a single material type with glass. It was 

observed that the glass powder limits the expansion due to the ASR compared to mixes with 
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other glass particle sizes. Also, Mix 5 (with glass powder) showed expansion lower than the 

reference SCC (without glass), which is due to the fact that glass powder is a suppressor. 

This is similar to the findings of [6-8], that glass powder smaller than 80 μm acts as a 

suppressor. On the other side, mixes with larger glass particles (Mix 4) appeared to be the 

most expansive, whereas the mix with glass sand (Mix 6) presented an expansion similar to 

the reference SCC. However, for the first two mixes, the results seem to confuse. That is 

because Mix 3 consists of only cement and glass, whereas Mix 2 consists of cement, glass 

and fly ash. It was expected that the presence of fly ash would mitigate the reaction more 

compared to Mix 3, but in fact, Mix 3 presented slightly lower expansion than Mix 2. This 

might be explained by a further observation of the quantities of the materials. Although Mix 

2 consists of glass powder and fly ash, their total volume is lower than that of the glass 

powder used in Mix 3. This means that the glass powder is a suppressor, so its higher 

amount can mitigate the expansion caused by the ASR.  

Figure 7.11: Expansion of SCC mixtures from the 1
st

 and 2
nd

 series due to the alkali-silica reaction 

Table 7.7: Silica and suppressor content of the 1
st

 series 

 Glass content [by vol. %] Suppressor [by vol. %]   

 0-1 
mm 

2-3 
mm 

3-8 
mm 

Total Glass 
powder 

Fly 
ash 

Total Expansion 
after 14 days 

[%] 

Ratio 
Glass/Suppressor 

Mix 1 - - - - 11.7 4.3 4.3 0.0377 - 
Mix 2 10.5 4.2 31.2 45.9 9.9 4.3 14.2 0.0400 3.23 
Mix 3 3.3 3.3 33 39.6 11.7 - 11.7 0.0383 3.38 
Mix 4 - - 28.3 28.3 - 4.3 4.3 0.0462 6.58 
Mix 5 - - - - 10.1 4.3 14.4 0.0321 - 
Mix 6 26.6 4.2 - 30.8 - 4.3 4.3 0.0364 7.16 
Mix 9 12 6.1 13.3 31.4  4.3 4.3 0.0227 7.30 
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A further examination of the effects of the glass content and size of glass particles on the 

ASR is given in Table 7.7. A closer analysis of the table clearly shows that the ASR expansion 

is dependent on the glass content in the mix but also on the glass particle size. Furthermore, 

the content of the suppressor is also highly important. The first dependence (glass content) 

is because of the pessimum effect, which has been analyzed in Chapter 3. More specifically, 

it has been confirmed that the expansion is directly related to the reactive silica content. 

Figure 7.12 shows a representative example of the pessimum effect [46]. The results of the 

expansion due to ASR obtained in this thesis are similar to the diagram shown in Figure 7.12, 

as the increase of the glass content in the mixes increases the expansion.  

 

Figure 7.12: Contribution of the reactive silica content to the expansion due to ASR [46] 

However, the glass size (second dependence) also plays a significant role as can be seen by 

analyzing the results for Mixes 4 and 6. Both mixes consist of 28-30% of glass, but Mix 4 

shows a higher expansion than Mix 6 (larger glass particles in Mix 4). This is in line with the 

results presented in [47], which clearly show that the ASR expansion decreased with a 

decreasing particle size of glass. These results are illustrated in Figure 7.13. Equally 

important is the amount of suppressor each time. Although 5 out of the 6 mixes consist of 

the same amount of fly ash, which has proven to be an effective ASR suppressor, some of 

them contain also the glass powder, which acts as a suppressor as well. On the other side, 

for the mixes which consisted of the glass powder and fly ash at the same time, it is not easy 

to state which one of the suppressors is dominant, but also if both suppressors behave in 

the same way. For Mix 9, although it had the same glass content as Mixes 4 and 6, it shows 

the lowest ASR expansion. Interesting is the fact that Mix 9 contains the same fly ash 

content as the other two mixes (Mix 4 and Mix 6) but it showed the lowest ASR expansion. 
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Figure 7.13: Effect of different particle size of glass on ASR expansion at 14 and 28 days [47] 

7.2.1 Effect of the color of the glass 

 Mix 4 has been tested with colored and clear glass particles to investigate if there is any 

significant difference in the ASR reactivity due to the differences in the chemical 

compositions of both types of glass. Although it has been demonstrated that green glass is 

less expansive than the brown one [19], there is no comparison in literature between 

colored and clear glass. Figure 7.14 reveals that both colored and clear glass expand to the 

same content after 14 days.  

Figure 7.14: Alkali-silica reaction for Mix 4 with colour and clear glass 
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7.2.2 Effect of glass powder  

 A generally accepted opinion is that glass powder acts as a suppressor. To verify this, Mix 3 

which does not contain any other ASR suppressor, has been tested for the ASR, with and 

without applying the glass powder. The results are given in Figure 7.15. The impact of the 

glass powder on the ASR is very obvious. When Mix 3 does not consist of the glass powder, 

the ASR is highly deleterious. It can be observed, that after the 7th day, it has already 

exceeded the recommended limit of 0.10% expansion according to the RILEM guideline [44]. 

The conclusion that emerges from this figure is that the glass powder apparently acts as an 

effective suppressor. On the other hand, the glass powder content was 11% and it could be 

reduced because, as already explained (Paragraph 7.1.4), the glass powder can cause some 

problems in the fresh state stage of concrete (delayed setting time) but also in the hardened 

stage (low strength). 

 Figure 7.15: Alkali-silica reaction for Mix 3 prepared with and without glass powder 
 

7.2.3 Effect of washing 

  Mixes 5 and 9 have been prepared with washed and unwashed glass to determine if the 

pollution of the glass has any influence on the ASR. It has been found through the 

comparison of the two mixes that Mix 5 with the washed glass powder presents lower 

expansion than the same mix with unwashed glass powder. A first conclusion is that the 

washed glass powder can be a more effective ASR suppressor than the unwashed one. 

However, the opposite phenomenon occurs when more glass sizes are incorporated into the 

mix. Then, by observing Mix 9, washing seems to enhance the ASR rather than suppress it. 

From the other side, the differences between washed and unwashed mixes are not 

substantial, and none of them are characterized detrimental to the ASR. However this can 

only be concluded for Mixes 5 and 9, which both consist of fly ash and theoretically, the 

absence of fly ash could show different effect than the analyzed in that case. 
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Figure 7.16:  Alkali-silica reaction between mixes with washed and unwashed glass  

7.2.4 Effect of white slag 

 White slag has also been applied as a suppressor of ASR in Mixes 12, 12d, 12e and 12f. The 

results obtained for Mix 12 are shown in Figure 7.17 along with other mixes composed of 

only glass aggregates. 3.6% of the total volume of Mix 12 consists of white slag and 60.4% of 

the volume was the reactive glass aggregates. For Mix 2, there is a quantity of 14.2% of 

suppressors (glass powder and fly ash) and 45.9% of glass and for Mix 3 there is a quantity 

of 11.7% of glass powder and 39.6% of glass. There are two conclusions derived for the Mix 

12. At first, the amount of white slag in Mix 12 was not enough to neutralize the ASR below 

the recommended limit (0.10%) and, in result, the mixture fails the ASR test. On the other 

side, there is some mitigation taking place on the reaction; otherwise the expansion after 14 

days would be as Mix 3 with no powder (see Figure 7.17). Secondly, important is that Mix 

12, compared to the other mixes, is composed of larger glass particles (up to 15 mm) but 

also had higher glass content. As already shown in Figures 7.12 and 7.13, the increase of the 

glass particle size influences the expansion due to the ASR. The total ASR-induced expansion 

for Mix 12 was 0.13%. When Mix 12d was tested for the ASR, its final expansion remained at 

the same levels. The presence of limestone in Mix 12d has not influenced the expansion. For 

Mix 6b developed in [20], the expansion was also higher than 0.10%, although microsilica 

has been used to suppress the reaction. The new Mix (12e) that was designed in this series 

had a partial replacement of white slag with fly ash of 30%, which is more reactive, so could 

decrease the expansion below 0.10%. In result, a decrease of the expansion compared to 

Mixes 12 and 12d below the recommended limit was observed. The final expansion was 

0.089%. A higher replacement of white slag with fly ash can surely mitigate the reaction to 

lower values, but can also change the colour of the sample from white to grey. Moreover, 

Mix 12f presented lower expansion on ASR (0.064%) compared to Mix 12d, because of the 

increase of about 50% of white slag compared to Mix 12d. 
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Figure 7.17: ASR test results for mixes composed of cement, binders and glass 

7.2.5 Concrete damage by the ASR 

The exposure of the samples to a high alkaline environment for 14 days is reflected in the 

cracks observed at the surface of the tested samples. Although the mixes illustrated in 

Figure 7.18 are mixes that presented expansions lower than the maximum limit of 0.10% 

after 2 weeks, however, still some cracks throughout the surface of the samples were 

created. In many cases (Figure 7.18 a, c, d), pieces of concrete could be easily detached and 

other times (Figure 7.18 b), cracks could even split the samples into two pieces. On the 

other side, in Figure 7.18 all mixes except for Mix 3 consist of fly ash, which is highly 

effective in mitigating the reaction. Yet, that was still not enough to avoid the development 

of cracks. 

a)         

b)     c)  

Figure 7.18: a) Mix 4 with clear glass particles, b) Mix 2, c) Mix 3 
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When white slag was used as a suppressor, the size and number of the generated cracks 

was even higher. As described in paragraph 7.2.4, white slag in the quantity that was used, 

was not effective enough to mitigate the ASR compared to the mitigation provided by the 

fly ash. In Figure 7.19, three samples of Mix 12 (ASR-induced expansion of 0.12% after 14 

days) are illustrated after 14 days exposed in NaOH solution. The pictures clearly show that 

cracks have penetrated very deeply from the surface of the sample, resulting in either the 

detachment of small pieces of samples, or the destruction of the samples into more pieces. 

a) b)  c)

d) e)  

Figure 7.19: a) Cracks in three samples of Mix 12, b, c) Pieces detached from a sample of Mix 12, d, e) Sample 

cracked into two pieces 

7.3 Translucency test 

For the translucency test concrete, plates of different thicknesses for Mix 12e and Mix 12f 

were cut from cubes, as described in Paragraph 5.6. Tables 7.8 and 7.9 give the information 

about the translucency measurement results of Mix 12e and Mix 12f respectively. The sun 

(about 100.000 lux for a clear sky) but also an artificial lighting (700-800 lux for the used 

lamp) were used as the light sources for the realization of the test. However, it is important 

to mention that there are some unexpected fluctuations in the values obtained for some 

plates, caused by the non-homogeneity of the glass particles and concrete.  

Figure 7.20 shows the correlation between the same plates of Mix 12e, measured in the 

outdoor environment and in an indoor environment. The small differences might have been 

caused by the fluctuations observed in the luminance of the sun, whereas for the artificial 

lighting, the light luminance was steady. 
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Table 7.8: Light measurement for plates of Mix 12e in an artificial lighting source 

Thickness 
 

[mm] 

Luminance 
of the lamp 

[Lux] 

Luminance 
of 1

st
 side 

[Lux] 

Luminance 
of 2

nd
 side 

[Lux] 

Translucency 
of 1

st
 side 

[%] 

Translucency 
of 2

st
 side 

[%] 

Average 
translucency of 
both sides [%] 

13 693 0.27 0.22 0.0389 0.0317 0.0353 
12 820 0.78 0.37 0.0951 0.0451 0.0701 
11 824 1.04 0.70 0.1262 0.0849 0.1056 

10.1 714 1.34 0.86 0.1876 0.1204 0.1541 
10.1 714 2.74 2.02 0.3837 0.2829 0.3333 

9 826 1.10 0.91 0.1332 0.1101 0.1216 
8.4 714 0.85 0.59 0.1190 0.0826 0.1008 
8.2 714 1.65 1.05 0.2317 0.1474 0.1896 
8 704 2.74 1.75 0.3892 0.2486 0.3189 

4.6 826 6.38 6.15 0.7724 0.7445 0.7585 

 

Table 7.9: Light measurement for plates of Mix 12f in an artificial lighting source 

Thickness 
 

[mm] 

Luminance 
of the lamp 

[Lux] 

Luminance 
of 1

st
 side 

[Lux] 

Luminance 
of 2

nd
 side 

[Lux] 

Translucency 
of 1

st
 side 

[%] 

Translucency 
of 2

st
 side 

[%] 

Average 
translucency of 
both sides [%] 

13 901 0.90 0.30 0.0998 0.0333 0.0666 
12 885 0.45 0.37 0.0508 0.0418 0.0463 

10.9 878 0.91 1.01 0.1025 0.1138 0.1082 
10.6 862 0.60 0.90 0.0696 0.1044 0.0870 
10 866 5.40 6.00 0.6235 0.6928 0.6582 
7.8 853 7.00 6.80 0.8206 0.7971 0.8089 
5.2 856 13.7 14 1.6004 1.6355 1.6178 
4 856 18.5 19 2.1612 2.2313 2.1962 

 

                     
Figure 7.20: Translucency of concrete plates of Mix 12e, measured in the outdoor and in an artificial 

environment 
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In Figure 7.21, the results given in Table 7.8 are illustrated. Each value presented in the 

graph symbolizes the percentage of translucency for a certain thickness of a plate of Mix 

12e. It can be stated that there is a logarithmic correlation between the translucency and 

the thickness. Additionally, the translucency measurement results Mix 12f are also 

illustrated in Figure 7.22, based on the results given in Table 7.9. 

Figure 7.21: Correlation between thickness and percentage of translucency for plates of Mix 12e 

Figure 7.22: Correlation between thickness and percentage of translucency for plates of Mix 12f  
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The translucency of the plates of Mix 12e can be compared to the values given in [20] (for 

Mix 6b) of the same thickness. The translucency of Mix 12e is 20 times higher than that of 

Mix 6b (0.16% compared to 0.008% for 9 mm plates). Moreover, for the plates of higher 

thicknesses (13.5 mm), the differences are even larger (0.015% for Mix 12e, 0.0002 for Mix 

6b). The differences can be explained by the fact that 3-8 mm glass particles have been used 

for Mix 6b in [20], whereas for Mix 12e the maximum glass size was up to 15 mm. As a result 

, the utilization of larger glass aggregates allow higher translucency and higher thicknesses 

that allow light penetration. The comparison between Mix 12e and Mix 12f shows that the 

equations that describe them are very close to each other as both mixes characterized by a 

logarithmic equation. It can be stated by analyzing Figures 7.21 and 7.22 that Mix 12f 

appears to be more translucent for the thicknesses lower than 8 mm, whereas for the 

thicknesses higher than 10 mm, the translucency of both mixes seems to be the same. 

Figure 7.23 presents 8 samples of Mix 12e with different thicknesses, in indoor environment 

and illuminated by a lighting source from the back side in a dark environment, whereas 

Figure 7.24 presents 8 samples of Mix 12f. Figure 7.25 presents the same images as shown 

in Figures 7.23 and 7.24, but for samples of Mix 10, to show the effect of the reduction of 

the quantity of glass particles on the translucency of the samples. By comparing the results 

of Figures 7.23 and 7.24 with those of Figure 7.25, it can be stated that the increase of the 

content of glass particles (from 13.7% of Mix 10 to 32.2% of Mix 12e and 31.5% of Mix 12f 

by volume) influences the translucency logarithmically. The homogeneity of the glass 

particles is difficult to be defined and for this reason the translucency will be always 

fluctuating between certain limits based on the size of the glass particles. 
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Figure 7.23: Plates of Mix 12e of different thicknesses (4.6, 8, 8.4, 9, 10.1, 10.1, 12 and 13 mm) in indoor 

environment and illuminated by a lighting source from the back side in a dark environment. 
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Figure 7.24: Plates of Mix 12f of different thicknesses (4, 5.2, 7.8, 10, 10.6, 10.9, 12 and 13 mm) in indoor 

environment and illuminated by a lighting source from the back side in a dark environment. 
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Figure 7.25: Plate of Mix 10 of different thicknesses (9, 10.4 and 13.5 mm) in indoor environment and 

illuminated by a lighting source from the back side in a dark environment. 
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8. Conclusions and discussion 

 The main objective of this research was the implementation of waste glass in concrete. The 

main research targets were the development of a concrete with glass, which could combine 

all the good mechanical properties, ASR resistance and light translucency. Many different 

mixes (with different replacement levels of conventional sand and aggregates with glass, 

different glass content and different materials) were investigated in order to analyze their 

influence on the desired properties. Based on that, the following conclusions can be drawn. 

8.1 Conclusions  

The implementation of waste glass in concrete can be integrated with several ways. Glass 

cannot be used only as a replacement for conventional aggregates but also as a replacement 

for sand and other finer materials (e.g. limestone). In this study, a decrease of compressive 

and flexural strength has always observed when glass incorporated into concrete. On the 

other side, it was evident that concrete with different glass fractions can have sufficient 

mechanical properties (good flowability, no segregation, high compressive and flexural 

strength), even when high amount of glass content was applied. Glass is highly reactive to 

the ASR because of its high amorphous silica content, but the implementation of pozzolans 

(white slag, fly ash, glass powder) has successfully neutralized the reaction in harmless 

expansion values. 

Moreover, the implementation of glass aggregates of 15 mm presented a remarkable 

translucent result in glass-concrete plates. As a matter of fact, waste glass, which was 

intended to be landfilled, can be applied to concrete resulting in noteworthy properties. 

In Table 8.1, Mix 12e and Mix 12f, which combine all the desired targets of this research, are 

compared to the best mix developed in a previous project at Tu/e [20], to show the final 

result that this research reached. 

 

 

 

 

 

 

 

 



70  
 

 

Table 8.1: Final comparison between current research result and previous research 

 Current research Previous research [20] 

Criteria Mix 12e and  Mix 12f Mix 6b 

Only glass and cementitious materials 

(cement, slag, fly ash) 

Yes Additional utilization of 20% 

of microsand 

Binder content (cem., slag, fly ash) 16.66% and 19% 14.5% 

Glass content (by volume) 57% 30% 

w/c ratio (by mass) 0.46 0.78 

Compressive strength (MPa) 42.09 and 41.51 (45 for Mix 12d) 26.47 

Flexural strength (MPa) 6.21 and 6.31 (7.07 for Mix 12d) 6.32 

ASR expansion after 14 days 

(recommended limit is 0.10%) 

0.089% and 0.064% 0.14% 

Translucency (% of light passed) 0.16% for a plate of 9 mm thickness for 

Mix 12e, 0.66% for a plate of 10 mm 

thickness for Mix 12f 

0.008% for a plate of 9 mm 

thickness 

Maximum thickness to obtain 

translucency 

0.015% translucency for a thickness 

of 13.6 mm of Mix 12e, 0.066% 

translucency for a thickness of 13 

mm of Mix 12f 

0.0002% translucency for 

a thickness of 13.33 mm 

 

Based on the research questions that have been given in the introduction, the following 

comments can be derived: 

 Partial or total replacement of conventional aggregates of concrete with waste glass 

of different sizes can be successful as both compressive and flexural strengths are 

comparable with those of the reference concrete. The optimum compressive 

strength of a concrete with glass was 25% reduced compared to the reference one 

and the flexural one was 12.5% reduced. 

 It is possible to suppress the expansion due to the ASR of a concrete with high glass 

content and more specifically Mixes 12e and 12f were concrete with glass content of 

56% which both passed the ASR test. 

 Translucent concrete was developed. The plates that have been created, allow a 

light transmittance of thicknesses up to 15 mm. 
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 Mixes 12e and 12f present satisfactory results for all the required properties. It is an 

integrated concrete which is cost effective and highly sustainable and presents 

noteworthy properties.             

                                                                                                                                                                     

8.2 Discussion 

 Although in this study the waste glass has been successfully applied in concrete, there are 

still some unsolved problems to be discussed. The glass powder is a material which 

suppresses the ASR but also has a negative impact on the mechanical properties of 

concrete. The final mixes do not include any addition of this material and alternative ways 

should be found in order to utilize also the waste glass powder into concrete. Although the 

application of different waste glass fractions can reduce the landfilling of this material, the 

additional utilization of glass powder can reduce more the landfilling but can be also 

economically efficient, because if more glass powder is used, then, the utilization of 

pozzolans (fly ash, slag) for the suppression of the ASR is diminished. Its utilization can 

reduce the utilization of other materials (pozzolans such as white slag and fly ash).  

Glass particles are not characterized by homogeneity and the design of future mixes is not 

isotropic. The design with the PSD of the glass particles sometimes may lead to uncertainties 

of the properties of the concrete with glass. Therefore, a more accurate determination of 

the distribution of the glass particles including also their elongated shape, should be taken 

into account in the future design. 

Finally, it would be ideal for aesthetic results and translucency properties, if larger glass 

particles (30-40 mm) could be used in the design of concrete. The challenge in that case 

would be the maintenance of an ASR-resistant concrete with high mechanical properties. 
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10.   Appendix 

10.1 Material composition, properties and PSD of every mix 

MIX 1 (reference SCC) 

 

Materials Mass  [g] Volume 

[dm
3
] 

Water to cement ratio  (by mass) 0.5 

White cement 361 117.1 Water to powder ratio (by volume) 0.87 

Fly ash 99.8 42.6 Powder (kg/m
3
) 586 

Limestone 114.7 42.3 Coarse aggregates (kg/m
3
) 681 

Standard Sand 813.5 307.1 Dmin (μm) 0.96 

Standard Gravel 734.6 280.4 Dmax (μm) 8000 

Water 180.5 180.5 Packing deviation 221 

Air - 30 Amount of SP (by % of cement mass) 0.8 

Total 2304.1 1000 Flow table test (circle diameter in mm) 190 
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MIX 2 

 

Materials Mass   

[g] 

Volume 

[dm
3
] 

Water to cement ratio (by mass)  0.70 

White cement 360 116.81 Water to powder ratio  (by volume) 1.19 

Glass powder 247.16 99.17 Powder (kg/m
3
) 590 

Fly ash 100.35 42.82 Coarse aggregates (kg/m
3
) 715 

Glass sand 0-1 mm 264.62 105.42 Dmin (μm) 0.96 

Glass sand 1-3 mm 105.88 42.23 Dmax (μm) 10000 

Glass particles 3-8 mm 782.29 312.29 Packing deviation 326 

Water 252 252 Amount of SP (by % of cement mass) 3 

Air - 30 Flow table test (circle diameter in mm) 190 

Total 2112.3 1000 
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MIX 3 

  

Materials Mass   

[g] 

Volume 

[dm
3
] 

Water to cement ratio (by mass)  0.95 

White cement 360 116.81 Water to powder ratio  (by volume) 1.93 

Glass powder 287.38 115.31 Powder (kg/m
3
) 509 

Glass sand 0-1 mm 82.55 32.89 Coarse aggregates (kg/m
3
) 755 

Glass sand 1-3 mm 81.97 32.69 Dmin (μm) 0.96 

Glass particles 3-8mm 828 330.54 Dmax (μm) 10000 

Water 342 342 Packing deviation 1105 

Air - 30 Amount of SP (by % of cement mass) 3 

Total 1981.9 1000 Flow table test (circle diameter in mm) 190 
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MIX 4 

 

Materials Mass  [g] Volume 

[dm
3
] 

Water to cement ratio  (by mass) 0.5 

White cement 360.59 117 Water to powder ratio (by volume) 0.88 

Fly ash 99.59 42.5 Powder (kg/m
3
) 580 

Limestone 110.27 40.69 Coarse aggregates (kg/m
3
) 770 

Standard Sand 813.24 307 Dmin (μm) 0.96 

Glass particles 3-8 mm 707.7 282.51 Dmax (μm) 10000 

Water 180.3 180.3 Packing deviation 437 

Air - 30 Amount of SP (by % of cement mass) 2 

Total 2271.7 1000 Flow table test (circle diameter in mm) 230 
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MIX 5 

 

Materials Mass  [g] Volume 

[dm
3
] 

Water to cement ratio  (by mass) 0.5 

White cement 360 116.81 Water to powder ratio (by volume) 0.87 

Fly ash 99 42.25 Powder (kg/m
3
) 580 

Glass powder 251.95 101.1 Coarse aggregates (kg/m
3
) 760 

Standard Sand 663.48 250.46 Dmin (μm) 0.96 

Standard Gravel 731.99 279.39 Dmax (μm) 8000 

Water 180 180 Packing deviation 377 

Air - 30 Amount of SP (by % of cement mass) 4.3 

Total 2286.4 1000 Flow table test (circle diameter in mm) 215 
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MIX 6 

 

Materials Mass  [g] Volume 

[dm
3
] 

Water to cement ratio  (by mass) 0.5 

White cement 360.12 116.85 Water to powder ratio (by volume) 0.88 

Fly ash 99.92 42.64 Powder (kg/m
3
) 582 

Limestone 111.11 41 Coarse aggregates (kg/m
3
) 741 

Glass sand of 0-1 mm 666.38 265.49 Dmin (μm) 0.96 

Glass sand of 1-3 mm 104.08 41.51 Dmax (μm) 8000 

Standard Gravel 740.03 282.45 Packing deviation 551 

Water 180.05 180.05 Amount of SP (by % of cement mass) 4 

Air - 30 Flow table test (circle diameter in mm) 210 

Total 2261.7 1000 
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MIX 7 

 

Materials Mass  [g] Volume 

[dm
3
] 

Water to cement ratio  (by mass) 0.5 

White cement 361 117.13 Water to powder ratio (by volume) 0.88 

Fly ash 101.63 43.37 Powder (kg/m
3
) 583 

Limestone 113.81 42 Coarse aggregates (kg/m
3
) 751 

Standard sand 813.24 307 Dmin (μm) 0.96 

Glass particles of 3-8 mm 140.28 56 Dmax (μm) 10000 

Standard Gravel 586.88 224 Packing deviation 410 

Water 180.05 180.05 Amount of SP (by % of cement mass) 1.4 

Air - 30 Flow table test (circle diameter in mm) 210 

Total 2297.35 1000 
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MIX 8 

Materials Mass  [g] Volume 

[dm
3
] 

Water to cement ratio  (by mass) 0.5 

White cement 360.12 116.85 Water to powder ratio (by volume) 0.85 

Fly ash 104.06 44.41 Powder (kg/m
3
) 600 

Limestone 83.25 30.72 Coarse aggregates (kg/m
3
) 701 

Glass powder 92.64 37.17 Dmin (μm) 0.96 

Standard sand 374.63 141.42 Dmax (μm) 10000 

Glass sand of 0-1 mm 167.47 66.72 Packing deviation 129 

Glass sand of 1-3 mm 196.15  78.23 Amount of SP (by % of cement mass) 2.2 

Standard Gravel 374.63 142.99 Flow table test (circle diameter in mm) 220 

Glass particles of 3-8 mm 328.62 131.19 

Water 180.5 180.5 

Air - 30 

Total 2262.9 1000 
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MIX 9 

Materials Mass  [g] Volume 

[dm
3
] 

Water to cement ratio  (by mass) 0.5 

White cement 361 117.13 Water to powder ratio (by volume) 0.88 

Fly ash 104.12 44.43 Powder (kg/m
3
) 580 

Limestone 104.12 38.42 Coarse aggregates (kg/m
3
) 700 

Standard sand 354.01 133.64 Dmin (μm) 0.96 

Glass sand of 0-1 mm 301.94 120.30 Dmax (μm) 10000 

Glass sand of 1-3 mm 152.15  60.68 Packing deviation 205 

Standard Gravel 374.84 143.07 Amount of SP (by % of cement mass) 2.2 

Glass particles of 3-8 mm 332.38 132.69 Flow table test (circle diameter in mm) 210 

Water 180.5 180.5 

Air - 30 

Total 2265.1 1000 
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MIX 10 

 

Materials Mass  [g] Volume 

[dm
3
] 

Water to cement ratio  (by mass) 0.5 

White cement 361 117.13 Water to powder ratio (by volume) 0.89 

Fly ash 104.15 44.45 Powder (kg/m
3
) 576 

Limestone 104.15 38.43 Coarse aggregates (kg/m
3
) 722 

Standard sand 407.07 153.67 Dmin (μm) 0.96 

Glass sand of 0-1 mm 88.38 35.21 Dmax (μm) 15000 

Glass sand of 1-3 mm 303.14  120.90 Packing deviation 147 

Standard Gravel 374.84 143.07 Amount of SP (by % of cement mass) 2.2 

Glass particles of 0-15 mm 343.64 136.91 Flow table test (circle diameter in mm) 210 

Water 180.5 180.5 

Air - 30 

Total 2267 1000 
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MIX 11 

 

Materials Mass   

[g] 

Volume 

[dm
3
] 

Water to cement ratio (by mass)  0.50 

White cement 440 142.76 Water to powder ratio  (by volume) 1.14 

Glass powder 217.74 115.31 Powder (kg/m
3
) 564 

Glass sand 0-1 mm 192.15 76.55 Coarse aggregates (kg/m
3
) 714 

Glass sand 1-3 mm 279.42 111.44 Dmin (μm) 0.96 

Glass particles 0-15mm 834 330.54 Dmax (μm) 15000 

Water 220 220 Packing deviation 80.6 

Air - 30 Amount of SP (by % of cement mass) 2 

Total 2183.7 1000 Flow table test (circle diameter in mm) 190 
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MIX 12 

 

Materials Mass   

[g] 

Volume 

[dm
3
] 

Water to cement ratio (by mass)  0.50 

White cement 400 129.79 Water to powder ratio  (by volume) 1.12 

White slag 105 36.08 Powder (kg/m
3
) 535 

Glass sand 0-1 mm 458.41 182.63 Coarse aggregates (kg/m
3
) 729 

Glass sand 1-3 mm 186.27 74.29 Dmin (μm) 0.96 

Glass particles 0-15mm 872.6 347.64 Dmax (μm) 15000 

Water 200 200 Packing deviation 215 

Air - 30 Amount of SP (by % of cement mass) 2 

Total 2183.7 1000 Flow table test (circle diameter in mm) 190 
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MIX 12b 

 

Materials Mass   

[g] 

Volume 

[dm
3
] 

Water to cement ratio (by mass)  0.55 

White cement 400 129.79 Water to powder ratio  (by volume) 1.10 

White slag 100 34.36 Powder (kg/m
3
) 592 

Limestone 65.74 24.26 Coarse aggregates (kg/m
3
) 700 

Glass sand 0-1 mm 361.9 144.18 Dmin (μm) 0.96 

Glass sand 1-3 mm 213.87 85.3 Dmax (μm) 15000 

Glass particles 0-15mm 834.65 332.53 Packing deviation 174 

Water 220 220 Amount of SP (by % of cement mass) 2 

Air - 30 Flow table test (circle diameter in mm) 260 

Total 2196.1 1000 
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MIX 12c 

 

Materials Mass   

[g] 

Volume 

[dm
3
] 

Water to cement ratio (by mass)  0.44 

White cement 400 129.79 Water to powder ratio  (by volume) 0.84 

White slag 100 34.36 Powder (kg/m
3
) 624 

Limestone 98 36.15 Coarse aggregates (kg/m
3
) 689 

Glass sand 0-1 mm 367.5 146.41 Dmin (μm) 0.96 

Glass sand 1-3 mm 308.8 123.16 Dmax (μm) 15000 

Glass particles 0-15mm 814.58 324.53 Packing deviation 199 

Water 176 176 Amount of SP (by % of cement mass) 2 

Air - 30 Flow table test (circle diameter in mm) 210 

Total 2264.88 1000 
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MIX 12d 

 

Materials Mass   

[g] 

Volume 

[dm
3
] 

Water to cement ratio (by mass)  0.46 

White cement 400 129.79 Water to powder ratio  (by volume) 0.80 

White slag 100 34.36 Powder (kg/m
3
) 673 

Limestone 150 55.35 Coarse aggregates (kg/m
3
) 686 

Glass sand 0-1 mm 285.13 113.6 Dmin (μm) 0.96 

Glass sand 1-3 mm 332.22 132.5 Dmax (μm) 15000 

Glass particles 0-15mm 810.27 322.82 Packing deviation 250 

Water 182 182 Amount of SP (by % of cement mass) 2 

Air - 30 Flow table test (circle diameter in mm) 215 

Total 2259.62 1000 
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MIX 12e 

 

Materials Mass   

[g] 

Volume 

[dm
3
] 

Water to cement ratio (by mass)  0.46 

White cement 400 129.79 Water to powder ratio  (by volume) 0.79 

White slag 70 24.05 Powder (kg/m
3
) 672 

Fly ash 30 12.8 Coarse aggregates (kg/m
3
) 685 

Limestone 150 55.35 Dmin (μm) 0.96 

Glass sand 0-1 mm 285.13 113.6 Dmax (μm) 15000 

Glass sand 1-3 mm 328.2 130.89 Packing deviation 256 

Glass particles 0-15mm 807.71 321.8 Amount of SP (by % of cement mass) 2 

Water 182 182 Flow table test (circle diameter in mm) 215 

Air - 30 

Total 2253.05 1000 
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MIX 12f 

 

Materials Mass   

[g] 

Volume 

[dm
3
] 

Water to cement ratio (by mass)  0.46 

White cement 400 129.79 Water to powder ratio  (by volume) 0.78 

White slag 151 60.16 Powder (kg/m
3
) 670 

Limestone 102.1 37.69 Coarse aggregates (kg/m
3
) 833 

Glass sand 0-1 mm 320 118.29 Dmin (μm) 0.96 

Glass sand 1-3 mm 296.9 127.62 Dmax (μm) 15000 

Glass particles 3-8 mm 569 195.53 Packing deviation 297 

Glass particles 8-15 mm 300 119.65 Amount of SP (by % of cement mass) 2 

Water 182 182 Flow table test (circle diameter in mm) 230 

Air - 30 

Total 2321 1000 

 
 

  



93  
 

 

10.2 Compressive and flexural strength of all mixes 

 
  

COMPRESSIVE STRENGTH  [MPa] 
1st day 2nd day 3rd day 7th day 28th day 

1
ST

 S
ER

IE
SS

 Mix 1 - - 2.34 
(2.14-2.44) 

8.21 
(7.89-8.39) 

12.64 
(12.06-13.48) 

Mix 2 - - 4.19 
(3.98-4.56) 

14.30 
(13.09-15.21) 

21.80 
(21.03-22.44) 

Mix 3 18.60 
(18.00-19.07) 

- - 49.86 
(46.67-51.95) 

60.62 
(57.78-65.31) 

Mix 4 1.55 
(1.44-1.66) 

- - 32.74 
(31.12-35.85) 

40.66 
(38.81-43.99) 

Mix 5 - 0.50 
(0.39-0.58) 

- 30.23 
(28.28-32.35) 

44.70 
(41.06-47.37) 

Mix 6 - - 21.40 
(20.27-22.95) 

33.87 
(29.60-35.68) 

46.11 
(41.52-49.98) 

2
N

D
 SE

R
IE

S Mix 7 3.01 
(2.79-3.25) 

- - 46.98 
(45.61-49.25) 

59.61 
(56.57-64.47) 

Mix 8 - - 24.26 
(23.08-25.62) 

29.18 
(27.26-31.18) 

39.79 
(37.48-41.08) 

Mix 9 - - 28.12 
(27.00-29.23) 

34.78 
(33.75-35.97) 

47.77 
(43.42-51.60) 

Mix 10 - 21.18 
(20.04-22.76) 

- 28.77 
(26.99-31.22) 

40.45 
(37.45-43.33) 

3
R

D
 S

ER
IE

S Mix 11 - - 14.19 
(13.41-14.84) 

16.70 
(16.39-16.90) 

24.40 
(22.53-25.48) 

Mix 12 - - 15.66 
(14.84-16.64) 

21.98 
(21.17-23.32) 

32.07 
(28.68-37.49) 

Mix 12b - 13.51 
(13.05-14.37) 

- 26.73 
(24.14-30.73) 

36.83 
(31.55-40.56) 

Mix 12c - 18.15 
(17.45-18.54) 

- 29.19 
(28.42-29.77) 

39.28 
(34.62-43.9) 

Mix 12d - 20.81 
(18.91-21.56) 

-   30.33 
(28.38-33.32) 

45.02 
(42.48-46.67) 

Mix12e - 19.58 
(18.74-20.31) 

- 33.62 
(32.84-34.08) 

42.09 
(40.81-43.56) 

Mix 12f  16.38 
(16.16-16.61) 

- 32.10 
(30.81-33.22) 

41.52 
(39.74-42.59) 

 

 

 

 



94  
 

 

  

FLEXURAL STRENGTH  [MPa] 

1st day 2nd day 3rd day 7th day 28th day 

1
ST

 S
ER

IE
S Mix 1 - - 0.67 

(0.64-0.69) 
1.72 

(1.64-1.83) 
2.64 

(2.45-2.81) 
Mix 2 - - 1.22 

(1.05-1.37) 
2.65 

(2.42-2.84) 
3.58 

(3.52-3.63) 

Mix 3 3.50 
(3.24-3.82) 

- - 6.97 
(6.76-7.26) 

7.97 
(7.47-8.49) 

Mix 4 0.44 
(0.41-0.49) 

- - 4.65 
(4.41-4.92) 

5.64 
(4.96-6.13) 

Mix 5 - 0.07 
(0.04-0.11) 

- 4.82 
(4.75-4.89) 

5.98 
(5.42-6.44) 

Mix 6 - - 3.81 
(3.63-3.95) 

4.50 
(4.42-4.64) 

5.81 
(5.63-5.93) 

2
N

D
 S

ER
IE

S Mix 7 0.52 
(0.51-0.54) 

- - 6.28 
(6.14-6.43) 

7.35 
(7.03-8.01) 

Mix 8 - - 4.26 
(4.20-4.31) 

4.20 
(4.07-4.39) 

5.43 
(5.08-5.95) 

Mix 9 - - 4.63 
(4.35-4.86) 

4.80 
(4.67-4.92) 

5.84 
(5.41-6.35) 

Mix 10 - 4.04 
(3.97-4.14) 

- 4.54 
(4.20-4.72) 

5.76 
(5.62-5.89) 

3
R

D
  S

ER
IE

S Mix 11 - - 3.13 
(3.06-3.30) 

3.33 
(3.08-3.50) 

3.83 
(3.58-4.05) 

Mix 12   3.12 
(3.09-3.12) 

3.54 
(3.30-3.66) 

5.31 
(4.86-5.66) 

Mix 12b - 2.90 
(2.76-3.05) 

- 4.60 
(4.36-4.84) 

5.42 
(5,06-5,78) 

Mix 12c - 3.87 
(3.64-4.10) 

- 5.12 
(4.86-5.38) 

6.59 
(6.3-6.87) 

Mix 12d - 4.02 
(3.86-4.18) 

- 5.43 
(5.15-5.71) 

7.07 
(6.62-7,51) 

Mix12e - 3,17 
(3.02-3.24) 

- 4.77 
(4.7-4.88) 

6.21 
(5.89-6.42) 

Mix 12f - 3.30 
(3.06-3.45) 

- 4.85 
(4.65-4.93) 

 

6.31 
(5.98-6.52) 
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10.3    ASR expansion results of all tested mixes 

 ASR expansion [%] (threshold of 0.10% after 14 days) 

 L1 L3 L4 L5 L6 L7 L8 L9 L10 L12 L13 L14 

Mix 1 - 0.013 - - - - - - - 0.027 0.032 0.038 

Mix 1 no 

G. P. 

- 0.010 - - - - - - - 0.191 0.213 0.225 

Mix 2 - 0.004 - 0.011 - 0.016 - - - 0.026 - 0.040 

Mix 3 0.008 - - 0.013 - 0.020 - 0.024 - 0.031 0.035 0.038 

Mix 4 - 0.009 0.016 0.023 - 0.027 - - 0.032 0.038 - 0.042 

Mix 5 - 0.005 0.011 0.019 - 0.023 - - 0.027 0.031 - 0.032 

Mix 6 0.007 0.012 - - 0.019 0.022 - - 0.027 - 0.035 0.036 

Mix 9 0.002 0.016 - - 0.009 - 0.010 - 0.012 - 0.013 0.022 

Mix 12 0.006 0.008 - - 0.040 - - - 0.091 - - 0.130 

Mix 12d 0.002 0.003 - - - - 0.019 - 0.044 - 0.126 0.155 

Mix 12e - - - 0.005 - 0.017 - - - 0.059 - 0.089 

Mix 12f 0.002 - - - 0.038 - - 0.0417 - 0.053 - 0.064 

 


