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Abbreviations 

AAM Alkali activated material 

BET Brunauer, Emmett and Teller method 

BJH Barrett-Joyner-Halenda method 

CSS Carbonated steel slag 

EDX 

EMs 

Energy-dispersive X-ray spectroscopy 

Effective modulus 

FA Fly ash 

FTIR Fourier-transform infrared spectroscopy 

GGBS Ground granulated blast furnace slag 

IC Ion chromatography 
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ITZ 

Inductively Coupled Plasma 

Interfacial transition zone 

LOI Loss on ignition 

MIP Mercury intrusion porosimetry 

OPC Ordinary portlandite cement 

PONKCS Partial or no known crystal structure 

PSD Particle size distribution 

RCM Rapid chloride migration 

RGP Recycled waste glass particles 

RH Relative humidity 

SCMs Supplementary cementitious materials 

SEM Scanning Electron Microscope 

SS Steel slag 

TG Thermal gravimetric 

UHPC Ultra-high performance concrete 

XRD X-ray diffraction 
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Cement chemistry notations 

A  Al2O3 

C  CaO 

S  SiO2 

H  H2O 

N  Na2O 

C3A  3CaO · Al2O3 

C2S  2CaO · SiO2 

C3S  3CaO · SiO2 
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Summary 

The demand for solid wastes disposal such as industrial and domestic wastes, has 

gradually increased in recent years. As inorganic by-products, waste glass and steel slag 

cannot be used for energy recovery but only disposed in a landfill or applied in road 

constructions. For high-end application, it is desirable to use them as ingredients in 

building materials manufacture. In this thesis, recycled waste glass (RGP) and converter 

steel slag (SS) are the main objectives for the investigation of sustainable building 

materials design and performance evaluation with various application methods. The 

investigation aims to apply recycled waste glass in blended cement and alkali activated 

materials with a modified and improved performance, while steel slag is applied in CO2 

activated systems for low carbon footprint building materials manufacture. 

The first section of this thesis illustrates the application of recycled waste glass as a 

supplementary cementitious material (SCM) in cement based building materials. Two 

different streams of recycled waste glass - organic contaminated waste glass and mixed 

color waste glass are studied. The sugar leaching from organic contaminated waste 

glass presents a significant reduction and delay of the cement hydration, and a 

consequence, the pozzolanic reaction of the glass phase is influenced. After pre-

treatment such as washing and burning of organic contaminated waste glass, the delay 

in cement hydration can be effectively mitigated. On the other hand, the addition of 

chemical accelerators, for example, calcium chloride and nano-silica also can decrease 

the negative effect of sugar on cement hydration. The mixed color waste glass is hard 

to recycle for new container production due to the variation of chemical compounds. 

However, after milling, it can be used as a high volume cement replacement in high 

strength concrete. The high volume recycled waste glass in sustainable high strength 

mortars induces a high (Na+K)/Ca and low Ca/Si in reaction products, and recycled 

waste glass in high strength samples can result in a higher strength contribution 

compared to normal samples. To investigate the feasibility of combining recycled waste 

glass in blended cements, ternary binder systems are evaluated and discussed. The 

recycled waste glass incorporation results in the modification of the microstructure of 

blended mortars, which reduces the pore volume between 10 nm to 100 nm. In addition, 

a denser interfacial transition zone (ITZ) in glass blended samples can be observed. 

Therefore, waste glass powder modified slag or fly ash blended mortars exhibit a 

significant enhancement of resistance to chloride migration, as well as the strength 

performance.  

The second section of this thesis explores the use of recycled waste glass as an 

amorphous silica source in alkali activated ground granulated blast furnace slag/fly ash 
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(GGBS-FA). The recycled waste glass exhibits a higher reactivity compared to fly ash 

in an alkali environment, which contributes to an increase of polymerization degree of 

reaction products due to the Si rich chemical composition. Furthermore, the resistance 

to aggressive carbonation is enhanced after the addition of recycled waste glass, 

especially for NaOH/Na2CO3 activated samples. To better understand the improvement 

in carbonation behaviour, recycled waste glass is used as the binder in Na2CO3 activated 

GGBS mortars, and compared to commercial water glass. The addition of 30% RGP in 

the GGBS binder system seems to significantly improve the resistance to carbonation. 

The carbonation shrinkage is also reduced after RGP incorporation; at the same time, a 

higher strength performance is observed. Samples containing RGP promote the 

formation of nahcolite, while less bound water loss and calcium carbonate formation 

are identified during the carbonation process. A high volume of gel pores (<10 nm) is 

formed in the RGP sample compared to specimens only containing GGBS. The 

recycled waste glass can also be used as a solid activator in one part concrete after 

alkali-thermal treatment. The alkali-thermal treatment of RGPs results in the formation 

of 2.2% to 45.8% Na2SiO3 based on the initial effective modulus of SiO2/Na2O (NaOH) 

ranging from 3.0 to 1.0. Compressive strengths of 55.8 MPa and 54.9 MPa are observed 

for mortars containing RGPs treated with EMs of 1.0 and 1.5, which is comparable to 

the performance of mortar prepared using CEM I 52.5 R. 

The third section of the thesis discusses converter steel slag based building materials 

produced by CO2 activation. Two application methods are investigated. The first 

application is to use fine converter steel slag as SCM in eco-ultra-high performance 

concrete (UHPC) after CO2 pre-treatment at ambient conditions. The carbonation 

treatment is shown to modify the physical and chemical properties of converter steel 

slag particles, producing a rough and porous surface of slag particles because of the 

precipitation of calcium carbonate and amorphous silica gel as carbonation products. 

Consequently, the incorporation of carbonated steel slag improves the cement hydration, 

enhances the formation of ettringite and C-S-H, and densifies the microstructure 

compared to non-carbonated slag in eco-friendly UHPCs. The strength requirement 

(150 MPa) is satisfied when 15% to 45% of cement is replaced by carbonated converter 

steel slag. The second application is to use high volume converter steel slag as a binder 

to produce building materials by CO2 activation. The steel slag particle size is found to 

influence the carbonation rate and speed during the CO2 activation process, 

consequently, the strength performance and leaching properties can be affected. The 

application of an optimal size range of steel slag (21.75 to 24.13 µm) in blended mortars 

leads to a higher compressive strength (31.21 MPa), CO2 uptake (15.9%), faster 

carbonation rate as well as sustainability efficiency (0.486 MPa/(kg CO2/m
3 concrete)), 

which is superior compared to the steel slags mortars containing larger or smaller slag 
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particles. By using alkali activated GGBS/ steel slag system, cement-free mortars are 

produced, which exhibit a quick increase of strength during CO2 activation. The GGBS 

part provides an initial strength of 1.5 to 8.1 MPa after 24 hours alkali activation. The 

final strength of 37.5 to 44 MPa are observed in activated mortars after 14 days CO2 

activation. 
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Chapter 1 Introduction 

1.1 Background 

Concrete is the most produced material worldwide, with more than 20 billion tons 

manufactured every year. As a necessary ingredient in concrete production, cement has 

been developed and applied for more than a hundred and fifty years. The reaction 

products of cement binds the aggregates in concrete together, while meeting the 

strength, durability, and economic requirements. Traditional cement production is an 

energy-intensive process (Feiz et al., 2015), and a large amount of limestone is calcined. 

Consequently, a huge amount of energy is needed (Andrew, 2018). Moreover, 

construction activity keeps increasing, which further enhances the demand for cement 

production. Therefore, the low costs and low environmental impacts building materials 

are getting more attention. 

To reduce the demand and enhance the utilization efficiency of cement in concrete 

manufacture, supplementary cementitious materials (SCMs), for example, ground 

granulated blast furnace slag (GGBS), silica fume (SF), calcined clay (LC), incineration 

bottom ash and combustion fly ash (FA) have been applied in cement blends (Fernandez 

et al., 2011; Filipponi et al., 2003; Khatib, 2008; Lam et al., 1998; Li and Zhao, 2003). 

The valorization of these by-products in concrete production not only makes the 

recycling of industrial side products possible but also improves the performance of the 

concrete. The reaction of SCMs in cement based concrete promotes the densification 

of the microstructure, at the same time, the lower reaction heat reduces the potential 

risks of deformation. For instance, GGBS blended cement and FA blended cement have 

been commercially applied in constructions to achieve a superior durability 

performance compared to ordinary Portland cement (OPC). The pozzolanic reaction of 

SCMs can consume the calcium hydroxide from the hydration process of cement 

clinkers to form calcium silicate hydrate gel (C-S-H), filling pores and modifying pore 

size distribution. However, the presence of OPC is always a necessary part of the 

production of SCMs blended cement.  

In recent decades, alkali activated materials (AAM) are getting more attention, which 

are Portland cement-free building materials. Two ingredients are necessary for AAM 

preparation, the activators, and precursors. The activators are usually alkali solutions, 

for example, sodium hydroxide, sodium silicate, sodium carbonate, and sodium sulfate. 

The most widely used precursors in AAM are rich in amorphous aluminosilicate such 

as GGBS and FA. The use of GGBS results in a high calcium binder system where the 
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main reaction product is C-A-S-H (Brough and Atkinson, 2002). Fly ash is usually used 

in low calcium geopolymer concrete production, where N-A-S-H is the main reaction 

production (Jeon et al., 2015; Škvára et al., 2009). In the future, less GGBS and fly ash 

will be available because the related industries (steel manufacture and coal power plants) 

will be reduced or stopped entirely. Therefore, other materials with the amorphous 

aluminosilicate structure such as (metakaolin) MK, SF, and nano-silica are investigated 

for AAM preparation (Bernal et al., 2011; Boddy et al., 2003; Gao et al., 2017). To 

manufacture a conventional alkali-activated concrete, the liquid activator needs to be 

prepared first, then mixed with the solids (binder and aggregates) as a ‘two-part’ 

concrete (Provis, 2014). However, the use of highly alkaline activator solutions poses 

an increased safety risk on construction sites (Kovtun et al., 2015). Therefore, the 

concept of ‘one-part’ alkali-activated mortar was proposed to reduce the potential 

hazards, which means ‘just add water’ like for an ordinary Portland cement (Duxson 

and Provis, 2008; Luukkonen et al., 2018; Sturm et al., 2016; Sturm, 2018). In general, 

AAM can be an alternative for OPC in some applications due to the fast strength 

development and similar performance compared to traditional OPC concrete. On the 

other hand, the absence of calcium hydroxide lowers the resistance to carbonation of 

AAM compared to normal OPC concrete. The C-(A)-S-H gel can be directly carbonated 

in which can result in a fast decrease of pH in a CO2 rich environment (Bakharev et al., 

2001). Consequently, the steel in building will lose the protection afforded by a high 

pH. Many studies revealed that the microstructure, activator type, and compositions of 

precursors can effectively influence the carbonation behaviour of AAM (Bernal et al., 

2014, 2013; Li et al., 2017). Therefore, the carbonation behaviour becomes one of the 

most concerning factor for the durability of AAM and is getting more attention in recent 

years. 

Besides the above mentioned applications, accelerated carbonation is also used to 

enhance performance and produce building materials with low environmental impacts 

and costs. For example, accelerated carbonation at high pressures and temperatures has  

been used as a method for special curing to enhance the early-age performance of 

normal Portland cement concrete (Zhan et al., 2013). The calcium silicate reactivity can 

be improved during carbonation curing, while the hydration products of cement such 

as calcium hydroxide and C-S-H carbonate and fill the pores and improve the 

microstructure of cement based concrete (Rostami et al., 2012). This contributes to a 

formation of high strength and low water absorption concrete at early ages. So, it is 

usually used as a pre-treatment method for pre-cast concrete (Ahmad et al., 2017; Shi 

et al., 2012; Zhang et al., 2017). The carbonation reaction also occurs at ambient 

conditions in construction materials. For example, the reaction between CO2 and slaked 

lime has been used to produce building materials in early Greek times (Moorehead, 
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1986). Other natural minerals such as free-lime and calcium/magnesium silicate also 

show carbonation reactivity and are investigated in the context of CO2 sequestration. 

Furthermore, it is identified that the process of mineral carbonation can play a role as 

cement hydration to bond filler and aggregates together. Besides, minerals with 

carbonation reactivity also can be found in many industrial by-products, for example, 

converter steel slag. This provides a chance to manufacture green building materials by 

using industrial waste with a further reduced CO2 emission.  

1.1.1 Recycled waste glass as the ingredients in building materials 

The EU produces the most glass worldwide, which accounts for around 1/3 of global 

production. As shown in Fig. 1.1, the glass production in the EU keeps increasing in 

recent years. In 2018, the production of container glass and flat glass (soda-lime glass) 

accounted for more than 90% of all glass. Generally, glass wastes can be recycled and 

used for the manufacture of the new product. In the EU, the average recycling rate of 

glass is around 74%, because contaminated, broken, and mixed color waste glass is not 

easy to recycle and the costs for sorting and cleaning are high (Federico and Chidiac, 

2009; Jani and Hogland, 2014). Therefore, a large amount of waste glass is landfilled 

ever year and other applications for this waste glass must be found. 

The normal soda-lime glass is produced by heating silica sand, sodium carbonate, and 

limestone at a high temperature. The cooling process results in an amorphous structure 

as shown in Fig. 1.2, while different chemical additives are used to provide some 

specific properties, for example, color and resistance to thermal or chemical attack. The 

high content of amorphous silica in waste glass also makes it a potential SCM and 

precursor in AAM. 
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Figure 1.1 (a) Glass production in EU in recent years, and (b) proportions of different glass products in 

2018 (data source: glass alliance EU) 



 

4 
 

 

Figure 1.2 Amorphous structure of waste glass 

 Recycled waste glass as SCM in building materials 

The waste glass can be used as aggregates or a SCM/ precursor depending on its particle 

size. The large fractions of recycled waste glass were reported to have lower water 

absorption and higher reactivity compared to natural aggregates, which can provide 

better workability and mechanical performance for concrete (Soliman and Tagnit-

Hamou, 2016; Vaitkevičius et al., 2014). However, the reactivity of amorphous silica in 

recycled waste glass induces a risk of alkali silica reaction (ASR), which can cause an 

expansion of concrete and effect the durability performance negatively (Lam et al., 

2007). It was found that the ASR expansion caused by the waste glass in concrete is 

critically related to the particle size of glass particles (Du and Tan, 2014, 2013; Lee et 

al., 2011). When the waste glass particles are fine enough (< 75 µm), the ASR 

expansion of concrete reduces to a safe level (Shayan and Xu, 2004). It is also 

noticeable that the very fine glass powder can be used to reduce ASR expansion in 

concrete containing waste glass aggregates (Idir et al., 2010; Spiesz et al., 2016). 

Moreover, very fine glass powder (< 38 μm) can show a significant pozzolanic 

reactivity (Shao et al., 2000) at an equal to or even greater pozzolanic activity level than 

fly ash (Schwarz and Neithalath, 2008). During the pozzolanic reaction of fine recycled 

waste glass in cement based materials, the calcium hydroxide from cement hydration 

can be consumed to form Na rich C-S-H near the glass particles (Mejdi et al., 2019). It 

is reported that small addition of waste glass powder in concrete can improve the 

microstructure, enhance the strength performance and durability by improving the 

interfacial zone (ITZ) (Yazıcı, 2007). In many studies, 10% to 30% of fine recycled 

waste glass powder has been proved to be safe for blended concrete without 

deterioration of strength performance (Aliabdo et al., 2016; Omran and Tagnit-Hamou, 

2016). 

 Recycled waste glass as binder in alkali activated materials 

As a silica-rich waste material with an amorphous structure, recycled waste glass can 
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dissolve and release silicate in an alkaline environment (Torres-Carrasco et al., 2014). 

Then, the dissolved silicate can contribute to the formation of N-A-S-H and C-A-S-H 

gels, which are the typical reaction products in AAM. Many studies have proven the 

feasibility of recycled waste glass in AAM in recent years (Torres-Carrasco and Puertas, 

2017; Vafaei and Allahverdi, 2017). The incorporation of recycled waste glass in alkali 

activated GGBS mixtures results in increased polymerization of C-A-S-H due to the 

decreased Ca/Si ratio (Torres-Carrasco et al., 2014). In comparison with FA, recycled 

waste glass also shows a higher reactivity, which results in a better performance than 

GGBS/fly ash mixtures (Zhang et al., 2017). Besides, recycled waste glass can be used 

in the preparation of activator for AAM. In an alkaline environment, the dissolution of 

fine glass powder can reach 60% at 80 °C, which can produce a sodium silicate solution 

activator for AAM preparation. Samples activated with material prepared like this 

exhibited better mechanical performance than those prepared with NaOH only (Puertas 

and Torres-Carrasco, 2014). Afterward, the treated waste glass can be used for one-part 

alkali activated concrete manufacture. 

1.1.2 Valorization of converter steel slag in building materials 
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(a)                                       (b) 

Figure 1.3 (a) steel slag production worldwide and (b) in EU  

Steel slags are by-products from the steel making process. Europe accounts for 10.2% 

of the total steel slag production worldwide. The EU alone produces about 110 million 

tons of raw steel, leading to approximately 10 million tons of steel slag annually 

(EUROFER, 2018). The amount of GGBS is the highest among the different kinds of 

steel slag, which accounts for around 60% of total slag, and has been commercially 

applied in blended cement production (CEM III) due to the high reactivity for a long 

time. Converter steel slag accounts for 20% of all steelmaking slag and is the second 

most common slag. For example, in Netherlands, 0.7 M tons converter steel slag are 

produced annually. Compared to GGBS, converter steel slag exhibits low reactivity, 

and is mostly used in road construction as aggregates (Qiang et al., 2016), because the 
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presence of free lime often prevents its use as aggregate in concrete. The main mineral 

phases in converter steel slag are larnite, wuestite and brownmillerite. Magnitite, and 

free lime are also found (Baciocchi et al., 2015; El-Naas et al., 2015; Reddy et al., 2019). 

The existence of calcium silicate phases results in the weak hydraulic reactivity of 

converter steel slag (Wang and Yan, 2010), which makes it possible to use it as binder 

in building materials. 

 Converter steel slag as SCMs in building materials 

The presence of dicalcium silicate (α-C2S and β-C2S) and brownmillerite phases 

contribute to the hydration reactivity of converter steel slag. However, the hydration 

reactivity of these minerals in steel slag is relatively low compared to cement clinkers 

and poorly understood. It is found that steel slag blended cement presents low early 

strength and the strength keeps decreasing with increasing steel slag content because of 

the relatively low reactivity of the calcium silicate phase (Kourounis et al., 2007). Only 

at a replacement ratio of less than 20%, are no negative effect on porosity and strength 

observed. The reactivity of steel slag was also shown to correlate to particle size (Qiang 

et al., 2016; Wang et al., 2012) and to improve the hydration reactivity of steel slag, 

extensive milling was tried to increase the surface area. The results showed that super 

fine steel slag can show a high reactivity at early age, while still being much lower than 

cement (Wang et al., 2013). Also, the energy costs during the mechanical activation 

process are increased. Therefore, more economic activation and application methods of 

steel slag in building materials are required. 

 CO2 activation of converter steel slag 

In contrast to the low hydration reactivity, converter steel slag was show to have a high 

reactivity in a CO2 rich environment (Huijgen and Comans, 2006) because it contains 

α-C2S, β-C2S, and free MgO/CaO that can carbonate and sequestrate CO2 effectively 

according to related study (Reddy et al., 2019). EI-naas et al. also proposed a pre-

hydration method for enhancing the carbonation degree of steel slag (El-Naas et al., 

2015). A review by Humbert indicated that the CO2 uptake ability of steel slag can be 

up to 200-400 g CO2/kg depending on the carbonation conditions (Humbert and Castro-

Gomes, 2019). The carbonation of steel slag can results in a decrease of density due to 

the presence of calcium carbonate, by utilization of the volume increase during 

carbonation process, it can be used as binding material for production of building 

materials by pressurized CO2 curing (Moon and Choi, 2018). In Shao’s study, a 

combination of poorly crystalline CaCO3 and C-S-H was confirmed after steel slag 

carbonation, which provided a satisfactory strength (Shao et al., 2013). Most of the 

previous investigations were carried out using a pressurized and pure CO2 environment 
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for fast strength development of steel slag concrete, conditions which add to the 

embodied energy of the products. On the other hand, the carbonation of steel slag was 

also confirmed to take place at ambient pressure and temperature (Ghacham et al., 

2016). This provides a possible eco-treatment to activate steel slag blended concrete at 

ambient conditions using CO2. 

1.2 Motivation and objective 

In recent years, industrial by-products and recycled wastes have been widely studied in 

order to be valorized in building materials. By introducing optimized utilization 

strategies (hydration, alkali activation, and carbonation), these by-products and 

recycled wastes can effectively reduce the amount of traditional Portland cement 

necessary in construction. As mentioned above, waste glass is one of them, a pozzolanic 

material in blended cement and a silica source in alkali activated materials, Another 

material is converter steel slag, whose carbonation reactivity provides a chance to 

produce CO2-sequestrating building materials with low cost and carbon footprint. 

Therefore, the objectives of this study are as follows: 

 Investigating the effect of high volume recycled waste glass as SCMs on 

hydration kinetics, reaction products, microstructure evolution, and durability 

performance of cement blends, which provide a comprehensive understanding 

of sustainable building materials containing high volume recycled waste glass. 

 Evaluating the performance and carbonation behaviour of alkali activated 

materials containing recycled waste glass as silica source. 

 Proposition of a low-temperature treatment method (80ºC) for producing solid 

activator from recycled waste glass and the application in one part concrete. 

 Investigating the modification mechanism of converter steel slag fines after CO2 

pre-treatment and the application in ultra-high performance concrete (UHPC) 

design. 

 Investigating the high volume converter steel slag based mortars activated by 

CO2, and the effects of steel slag particle size on CO2 activation process. 
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1.3 Outline of the thesis 

 

Figure 1.4 Outline of the thesis 

The research framework is shown in Figure 1.4. The contents of chapters are briefly 

introduced in the following paragraphs. 

In Chapter 2, a new stream of recycled waste glass with organic contaminations is 

studied as SCM in cement blends. The organic contaminations are characterized using 

high-performance anion exchange chromatography (HPAEC) and ion chromatography 

(IC). Their influences on cement hydration, reaction products and microstructure are 

identified by using isothermal calorimetry, X-ray diffraction (XRD) and scanning 

electron microscopy (SEM), respectively. 

In Chapter 3, the high volume fine glass powder from mixed color recycled waste glass 

is used as SCM to produce high strength sustainable mortars. The fresh behavior and 

setting time are evaluated by mini-slump flow and Vicat test. The hydration behavior 

and products are analyzed by isothermal calorimetry, TG-DSC and SEM. The pore size 

characterization is performed by using N2 absorption. The contribution of recycled 

waste glass to the strength and total shrinkage of high strength mortars is discussed. 

In Chapter 4, the application of recycled waste glass powder in high volume (60%) 

ground granulated blast furnace slag (GGBS) or fly ash blended cement binder is 

investigated. The hydration kinetics, hydration products of different binder systems 

were studied by isothermal calorimetry and XRD tests. To investigate the 

microstructure properties of blended binders modified by glass powder, mercury 

intrusion porosimetry (MIP) tests are conducted. The resistance to chloride penetration 

was evaluated by the rapid chloride migration test. 
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Chapter 5 summarizes the reaction of recycled waste glass in cement based materials. 

By using the PONKCS method and Rietveld analysis, the reaction degree of recycled 

waste glass blended cement was determined. The reaction mechanism of recycled waste 

glass is proposed and discussed. 

Chapter 6 illustrates the application of waste glass powder as part of the binder in slag-

fly ash systems activated by NaOH and NaOH/Na2CO3 activators. To evaluate the 

reaction kinetics, reaction products, mechanical properties, and durability performance 

of glass powder modified alkali activated slag-fly ash systems, isothermal calorimetry, 

XRD, FTIR, strength test, drying shrinkage tests, and carbonation test are conducted. 

In Chapter 7, the influences of recycled waste glass powder on the durability 

performance - resistance to carbonation of sodium carbonate activated ground 

granulated blast furnace slag (GGBS) mortars are studied. The effect of activator 

dosages, types and RGP addition on resistance to carbonation is evaluated. The 

modification mechanism of carbonation behaviour after incorporation of recycled 

waste glass are investigated and discussed. 

In Chapter 8, an alkali-thermal treatment of recycled waste glass is applied to prepare 

one-part GGBS mortars. The recycled waste glass powder (RGP) is treated with NaOH 

and water at a temperature of 80°C for 24 hours and then dried at 105°C for producing 

a solid activator. Then the treated RGPs are used to prepare ground granulated blast 

furnace slag-based one-part GGBS mortars. The treated RGPs and the one part binders 

are characterized by XRD, FTIR and SEM. Furthermore, a quantitative analysis of the 

reaction products of RGP after alkali-thermal treatments is conducted by using Rietveld 

analysis and the PONKCS method. The hydration kinetics and mechanical performance 

of one-part GGBS mortars are evaluated by calorimetry and compressive strength test. 

Chapter 9 deals with the modification of converter steel slag by an ambient CO2 pre-

treatment, and the application of modified converter steel slag as supplementary 

cementitious material (SCM) in the design of eco-friendly ultra-high performance 

concrete (UHPC) designed using a particle packing model. 

In Chapter 10, low carbon footprint binders consisting of various fine converter steel 

slag powders (80%) and normal cement (20%) are applied to produce mortars using 

ambient carbonation. The variation of steel slag particle size influences gas transport 

and CO2 uptake of carbonated steel slag blended mortars during the curing period, 

which affects microstructure, strength, and leaching. 

In Chapter 11, the cement free - steel slag based green mortars activated by a 
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combination of alkalis and CO2 are investigated. The GGBS accounts for 10%, 20%, 

30%, 40% and 50% in steel slag based mortars, while sodium hydroxide solution (2M) 

is used as an activator in the preparation of mortars. The CO2 uptake and mechanical 

performance are analyzed and discussed. 

In Chapter 12, overall conclusions of the presented work are drawn, and 

recommendations for the future study are proposed. 
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Chapter 2 The hydration and microstructure characteristics 

of cement pastes with high volume organic-contaminated 

waste glass powder  

   

 

 

 

This chapter investigates the influence of the organic-contaminated waste glass powder 

on cement hydration and the microstructure characteristics of the hydration products. 

In order to study the influences of organic contamination (mainly fibres and sugar), 

treated (washed) glass powder was used as reference addition. The incorporation of 

filter glass powder results in longer induction periods and lower reaction intensity 

compared to the samples with washed glass. The addition of chemical accelerators such 

as CaCl2, nanosilica and microsilica can significantly improve the hydration of samples 

containing high volumes of filter glass powder. The organic contamination shows a 

negligible effect in terms of hydration products identified by XRD analysis. In mixtures 

with high volume filter glass powder (70%), the formation of calcium hydroxide was 

delayed at 3 and 7 days. Samples containing more than 50% waste glass present a higher 

pore volume in pore sizes lower than 15 nm and lower pore volume between 20 and 50 

nm. It was observed from the SEM analysis that the organic contamination may slow 

the pozzolanic reaction of glass particles in mixes with 70% filter glass, because the 

reaction of cement is delayed. 

 

 

 

 

This part is partially published elsewhere: 

G. Liu, M.V.A. Florea, H.J.H. Brouwers. The hydration and microstructure characteristics of cement 

pastes with high volume organic-contaminated waste glass powder. Construction and Building Materials, 

2018, Volume 187, Page 1177-1189.  
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2.1 Introduction 

Recent studies about influences of contamination in waste glass usually focused on 

heavy metal contaminated waste glass, such as glass from cathode ray tubes (CRT), 

where cement could be used to immobilize the heavy metal in CRT glass (Hui et al., 

2013). However, the waste glass fractions contaminated by organics (sugar, fiber) 

received less attention. This kind of waste usually combines with very fine glass 

particles and is mixed with organic matters from package and glue, making it difficult 

to clean and recycle for re-producing new glass products. For the sustainable use of this 

kind of organic containing glass fractions, it is desirable to use such filter glass as 

building material. However, the organic contamination will influence the application of 

the waste glass fractions in concrete. The waste glass in this study is a filter glass 

powder, which is filtered out of the drying furnace. It has a very fine particle size and 

contains considerable amounts of organic matters such as fibres and saccharides from 

labels and glue. Organic matter such as wood fibres and recycled waste paper fibre 

could be used to improve the performance of cement composites (Lin et al., 1994; 

Pehanich et al., 2004), but as an organic addition, fibres act as an inhibitor and show a 

negative effect on the cement hydration, because of the sugars, starches and tannins 

(Wei et al., 2000). Saccharides are mainly responsible for the inhibition of cement 

hydration in fibre-cement composites (Thomas and Birchall, 1983). Different organic 

compounds show different influences on retardation of cement hydration (Kochova et 

al., 2017). Saccharides could be absorbed on the surfaces of cement particles and 

hydration products, which inhibits the hydration process and hydration products growth 

(Juenger and Jennings, 2002; Young, 1972). The zeta potential of hydrating cement 

particles is positive and changed to negative after the incorporation of saccharides, 

which could be explained by the absorption of sugar on the cement particle surface 

(Neubauer et al., 1998).  

This chapter aims to perform a comprehensive evaluation for a better understanding of 

the influencing of organic contaminated waste glass as supplementary cementitious 

material on cement hydration, products and microstructure, providing some theoretical 

basis for its application.  
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2.2 Materials and methods 

2.2.1 Materials 

The cement applied in this study is CEM І 42.5N supplied by ENCI, Netherlands. The 

used glass powder is a filter glass which was filtered out in a glass drying furnace, 

provided by a glass recycling plant. The micro silica (surface area 20 m2/g) in this study 

was provided by Elkem, nano silica (surface area 234 m2/g) was provided by 

AkzoNobel with a concentration of 50% and the calcium chloride dihydrate 

(CaCl2·2H20) was provided by VWR international. The filter glass powder after 

washing was used as references. The washing process used L/S 2 and 250 rpm for 24 

hours, then the floating impurities were poured out, the second washing used same 

process with a L/S 10. Then these two glass powders were milled, sieved and utilized 

as supplementary cementitious materials in present study. The specific surface area of 

milled filter glass powder is 0.65 m2/g. 

2.2.2 Methods 

 Sample preparation 

Different pastes were prepared with the water / binder ratio of 0.3, where cement was 

replaced by the filter glass or washed filter glass with 0%, 30%, 50% and 70% by mass. 

The mix designs are shown in Table 2.1. CF was prepared with only cement and filtrate 

(L/S 2) from first washing process. 

Table 2.1 Sample mixtures 

Sample  

Filter glass 

powder 

 (%) 

Washed filter 

glass powder  

(%) 

Cem 

(%) 

  W/B  

C0 0 0 100   0.3  

C3 30 0 70   0.3  

C5 50 0 50   0.3  

C7 70 0 30   0.3  

CW3 0 30 70   0.3  

CW5 0 50 50   0.3  

CW7 0 70 30   0.3  

CF 100% cement + filtrate (L/S 2) filtrate/cement 0.3  



 

14 
 

 Characterization of materials 

The particle size distribution (PSD) of materials were determined with laser particle 

size analyzer, Mastersizer 2000.  

The specific density of materials were conducted by the gas pycnometer micrometrics, 

AccuPyc II 1340. 

The sugar content of filter glass and ion concentration of filter glass and washed filter 

glass were measured with the high-performance anion exchange chromatography 

(HPAEC) as shown in (Kochova et al., 2017) and ion chromatography (IC).  

 Calorimetry test 

The calorimetry test was performed using an isothermal calorimeter (TAM Air, 

Thermometric). Cement was replaced by filter glass powder or washed filter glass with 

0% to 70% by mass. Solid raw materials were firstly mixed with distilled water, then 

the mixed paste was injected into the ampoule and sealed by a lid and loaded into the 

calorimeter. All measurements were conducted for 160 h under a constant temperature 

of 20 °C. The duration of the calorimetry test for samples containing 70% waste glass 

was increased to 378 h because the induction period was relatively long. To study the 

influences of different chemical addition and treatment methods on the hydration of 

sample containing high volume of filter glass, additional samples for calorimeter were 

prepared as shown in Table 2.2. 

Table 2.2 Samples for calorimeter test 

Sample ID Treatment Methods 

B7 30% cement + 70% heat treatment filter glass powder (550°C for 4 hours) 

DW7  30% cement + 70% second washing filter glass powder (L/S 2-L/S 10) 

5% CaCl2 dihydrate C7 + 5% CaCl2 dihydrate (by mass of binder) 

5% nano silica C7 + 5% nano silica (by mass of binder) 

5% micro silica C7 + 5% micro silica (by mass of binder) 

 Reaction products characterization 

The X-ray diffraction test was conducted with a Bruker D2 PHASER with a Co tube to 

study the hydration products of the paste samples. All samples were cured at ambient 

temperature and tested after 3, 7 and 28 days. After curing, all samples were crushed 

and immersed in acetone to cease further hydration. At last, all samples were milled 

into powder (< 300 um) for the XRD test. 



 

15 
 

The thermal-gravimetric (TG) analysis was conducted in a STA 449 F1 instrument, as 

follows: ground powder containing samples after 28 days and 90 days of ambient curing 

were heated up to 1000 °C from 40 °C at the rate of 10 °C/min with nitrogen as the 

carrier gas. 

 Microstructure 

Nitrogen sorption analysis was performed using a Brunauer-Emmett-Teller (BET) 

specific surface area and porosity instrument (TriStar II 3020, Micrometrics). Samples 

were milled (< 400 um) and dried at 105 °C in an oven until the mass was constant. The 

surface area was calculated by the Brunauer-Emmett-Teller method (Barrett et al., 1951) 

using the adsorption branch. The pore size distribution was determined by the Barrett - 

Joyner - Hallenda method (Brunauer et al., 1938) from the adsorption branch. 

The microstructure of samples were observed by Scanning Electron Microscope with 

EDX detector (Phenom Pro). The EDX analyses were conducted at 10 kV accelerating 

voltage. Crushed samples were immersed in acetone and then dried in the oven at 40 °C 

to cease further hydration. After that, samples were used for SEM observation. 

2.3 Results and discussion 

2.3.1 Materials characterization 

The chemical composition of raw materials is presented in the Table 2.3. It can be seen 

that the filter glass mainly contains sodium oxide, calcium oxide and silica with 

proportion of 11.4%, 14.2% and 67.0%, respectively, while a small quantity of MgO, 

Al2O3, K2O and Fe2O3 can be observed. To wash out the contamination in filter glass, 

the washing treatment of 24 hours with L/S 2, 250 rpm on a shaker was conducted. As 

can be inferred that the filter glass contains 4.5% organic matter from the ignition loss 

at 550 °C, after the washing treatment, only 2.0% of organic matter is observed in the 

washed filter glass powder. Comparing the chemical composition of washed filter glass 

with untreated sample, a slight reduction of MgO, Al2O3, SO3, CaO and Cl can be found. 

From the particle size distribution results shown in Fig. 2.1, washing treatment results 

in the slight decrease of volume around 40 μm, the d50 particle size of filter glass powder, 

washed filter glass powder and cement is 33.2, 31.4 and 22.1 μm, respectively. The 

specific density of cement, waste glass powder and washed glass powder are 3091 

kg/m3, 2421 kg/m3 and 2429 kg/m3, respectively.  
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Table 2.3 Chemical compositions of materials 

Chemical 

composition 

Filter 

glass (%) 

Washed filter 

glass (%) 

CEM I 

42.5N (%) 

Na2O 11.38 11.47 / 

MgO 1.42 1.37 1.55 

Al2O3 2.75 2.58 3.44 

SiO2 66.97 68.29 14.38 

SO3 0.25 0.13 4.42 

K2O 0.84 0.80 0.45 

CaO 14.25 13.61 69.24 

TiO2 0.19 0.14 0.38 

Cr2O3 0.15 0.15 0.015 

MnO 0.032 0.028 0.097 

Fe2O3 0.95 0.79 3.86 

ZnO 0.058 0.043 0.11 

BaO 0.069 0.065 0.016 

PbO 0.042 0.036 0.008 

P2O5 / / 0.31 

Cl 0.21 0.061 0.073 
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Figure 2.1 Particle size distributions 

The results of the leaching test are presented in Table 2.4. Apparently, many kinds of 

saccharides are presented in the filter glass, such as galactose, glucose and mannose 

with leaching of 67.8 mg/kg, 91.8 mg/kg and 67.7 mg/kg, respectively. Additionally, 

high content of soluble salt also can be found, it can be observed that filter glass 

contains a relatively high leaching of Na+ and Cl- with a dosage of 1549 mg/kg and 540 

mg/kg, respectively. After washing treatment, the residual Na+ and Cl- are 766 mg/kg 

and 191 mg/kg.  
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Table 2.4 Leaching properties of filter glass and washed filter glass 

Filter glass Filter glass Washed filter glass 

Sugar mg/kg Ion mg/kg mg/kg 

Arabinose 12 Na+ 1549 766 

Galactose 67.8 K+ 84 50 

Glucose 91.8 Ca2+ 109 32 

Xylose 14.8 Mg2+ 11 3 

Mannose 67.7 NH4
+ 48 36 

Galacturonic acid 31.3 Cl- 540 191 

Glucuronic acid 37 PO4
3- 107 38   

SO4
2- 235 72 

  Organic Mass 4.5% 2.0% 

  pH 9.807 9.704 

  LOI 1000°C 2.5% 1.5% 

Fig. 2.2 exhibits the morphology of filter glass particles and cement particles. The glass 

particles show smoother surface and sharp edges compared with the cement particles. 

   

(a)                     (b) 

Figure 2.2 SEM images of (a) filter glass and (b) cement particles 

2.3.2 Early age hydration 

The results of isothermal calorimetry test of pastes containing different amount of filter 

glass powder (C3, C5 and C7) and washed filter glass (CW3, CW5 and CW7) are shown 

in Figs. 2.3 to 2.4. It is apparent that all samples have the same general shape of heat 

flow curve as cement which contains five stages including initial reaction stage, 

induction stage, acceleration stage, reduction stage and long term reaction stage 

(Bullard et al., 2011).  

100 µm 100 µm 
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(a)                                       (b) 

Figure 2.3 Calorimetric results of different pastes: (a) heat flow and (b) cumulative heat 

As shown in Fig. 2.3 (a), samples containing filter glass powder show longer induction 

periods than the reference sample (C0), and the intensity of heat flow was also reduced. 

It can be seen that the sample mixed with filtrate shows a weak delay effect on hydration. 

The addition of filter glass powder results in obviously reduced heat flow and prolonged 

hydration. Especially for the sample containing 70% filter glass powder (C7), it shows 

no obvious reaction after 160 hours of hydration. The increasing of the filter glass 

content obviously increases the time to achieve the peak of heat flow and reduces the 

intensity of hydration heat generation. Therefore, the cumulative heat was also 

decreased, which can be observed in Fig. 2.3 (b). Because no heat release was observed 

in the sample containing 70% filter glass powder, the cumulative heat of C7 shows 

almost no increase after 160 hours hydration.  

As shown in Fig. 2.3 (a), samples containing washed filter glass show a lower intensity 

of heat flow than the reference sample. No significant delay in terms of the heat flow 

peak location is observed. The sample incorporating 70% washed filter glass powder 

shows the reaction peak around 20 h, which is slightly delayed compared to the 

reference. With the increasing of washed filter glass amount in the mixture, the intensity 

of reaction and the cumulative heat decreases continuously. It is noticeable that the 

cumulative heat of sample containing 30% filter glass (C3) presents at the same level 

as the washed contained sample (CW3) after 160 hours hydration, which also are 

presented by C5 and CW5, which indicates that the organic contamination in filter glass 

just increasing the induction period during the hydration but shows no effect on the 

cumulative heat of hydration. 

In order to better understand the hydration process of mixtures with 70% filter glass 

powder, the testing duration was increased to 378 hours and the results are shown in 

Fig. 2.4. It is noticeable that the reaction starts from 170 hours and the peak of the 

acceleration stage is at 275 hours, so the hydration is delayed by almost 250 hours 
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compared to the mixtures with washed filter glass. The duration of the main reaction 

stage is longer, with lower reaction intensity.  
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(a)                                      (b) 

Figure 2.4 Calorimetry results of 70% filter glass and 70% washed filter glass powder containing 

samples (a) heat flow (b) cumulative heat 

It is believed that the fine glass powder can partially dissolve in the high pH 

environment and exhibit pozzolanic activity due to the high amorphous silica content 

(Vaitkevičius et al., 2014; Zheng, 2016). The pozzolanic reaction presents limited 

influence on early cement hydration, as it is a long-term reaction. With the increasing 

replacement of glass powder in pastes, less cement particles result in a lower 

concentration of ions due to the dilution effect (Du and Tan, 2017); as a consequence 

the intensity of hydration will be reduced but no influence will be shown concerning 

the reaction rate. When filter glass is incorporated, the sugars in it are responsible for 

the delay of the heat flow peak during the hydration. As an inhibitor of cement hydration, 

the sugars absorb on the surface of cement particles and the surface of hydration 

products, which slows down the growth of CH and C-S-H gels and inhibits the 

hydration of cement particles (Ataie et al., 2015; Bishop and Barron, 2006; Smith et al., 

2012). The sugar in filter glass increases the duration of the induction stage, and the 

higher content of filter glass in pastes, the longer the induction period is. Eventually, 

the reaction suddenly begins again owing to the fact that the increasing number of 

nucleation sites overcome the barrier of limited sugar present in the pore solution 

(Juenger and Jennings, 2002). 
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(a)                                     (b) 

Figure 2.5 Influences of different chemical addition on hydration of sample containing 70% filter glass 

(a) heat flow (b) cumulative heat 

To improve the hydration of sample containing filter glass powder, different chemical 

additions were used to accelerate the reaction in C7, which can be seen in Fig. 2.5. It is 

clear that chemical additions improves the hydration of C7 significantly. The addition 

of 5% calcium chloride dihydrate by mass of binder enhances the reaction rate and 

cumulative heat, the peak of heat flow is brought forward to 9 h compared the 275 h of 

C7. The CaCl2 can be used to improve the hydration of cement and the early strength 

of concrete. It is stated in literature that a dosage up to 3% to 4% could be used 

(Kourounis et al., 2007). The incorporation of micro silica and nano silica also improve 

the hydration of C7 with a dosage of 5% by mass of binder, and the peaks of heat flow 

take place after 56 h and 18 h respectively. Calcium chloride is a widely used chemical 

addition for the hydration acceleration of C3S and Portland cement, as it can significant 

decrease the setting time and increase the early age strength. The Ca2+ from calcium 

chloride can absorb on the surface of C3S and increase the zeta potential (Peterson and 

Juenger, 2006; Thomas et al., 2009). The additional Ca2+ from calcium chloride can 

form complexes with saccharides, which may reduce the effect of saccharides on 

cement particles surface (Ribeiro et al., 2011). This is different from the addition of 

nano silica and micro silica, which produce more nucleation sites for the cement 

hydration. As can be seen in Fig. 2.5 (a), the addition of micro silica and nano silica 

show no obvious influence on the intensity of heat flow peak but decrease the time to 

reach the heat flow peak. It was found that nano silica has more effective on accelerating 

hydration than micro silica with the same dosage (5%). Nano silica used in this study 

is a slurry with 50% concentration, it can fully disperse during the mixing, and while 

micro silica usually aggregates together. These result in different performances in the 

acceleration of hydration. The sample containing 70% double washing treatment filter 

glass (DB7) and sample containing 70% heating treatment filter glass (B7) also show 

no significant delay in hydration. After the double washing treatment, more saccharides 
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can be removed, as it can be observed that the heat peak of CW7 is slightly delayed 

compared with the DB7. After the heating treatment, the organic matter including 

saccharides were totally removed by burning at 550°C for 4 hours, while the salts were 

still kept which explains why B7 exhibits higher intensity and an earlier heat peak than 

CW7 and DB7 during the hydration. 

Table 2.5 Summary of cumulative heat of samples at 160 h (see Table 2.1 and 2.2) 

Sample 

Cumulative heat at 160 h 

(J/g cement) 

Heat change 

(J/g cement) 

C0 199.5 / 

CF 199 -0.5 

C3 232.37 32.87 

CW3 231.04 31.54 

C5 249.08 49.58 

CW5 245.94 46.44 

C7 53.3 -146.17 

CW7 348.83 149.33 

C7+5%CaCl2·2H2O 441.73 242.23 

C7+5% microsilica 371.17 171.67 

C7+5% nanosilica 363.93 164.43 

B7 399.97 200.46 

DW7 363.87 164.37 

Table 2.5 illustrates the cumulative heat (normalized by the mass of cement) after 160 

h hydration and the change in cumulative heat (normalized by mass of cement) 

compared the plain sample (C0). When the dosage of glass powder is less than 50%, 

there is no large difference between the samples containing filter glass and washed filter 

glass. This means the saccharides just retard the hydration, but have limited influence 

on the cumulative heat with the glass powder dosages of 30% and 50%. C7 shows a 

cumulative heat with 53.3 J after 160 h hydration, which is due to the serious delay 

caused by the saccharides. It can be seen that the increasing cement replacement ratio 

results in higher heat change, which may due to the increasing effective water/cement 

ratio. After the addition of accelerator such as nano particles and calcium chloride, the 

cumulative heat of samples is enhanced significantly. The burning treatment and the 

second washing treatment of the filter glass also can enhance the hydration of samples, 

which show higher cumulative heat than the CW7. More saccharides and organic matter 

can be removed during the treatment procedure, so consequently, less retardation is seen 

in B7 and DW7. 

2.3.3 X-ray diffraction 

Figure 2.6 illustrates the X-ray diffraction results of paste mixtures with different 
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compositions and curing ages. The XRD patterns results of samples containing 30%, 

50% and 70% filter glass powder and washed filter glass powder are shown in Fig. 2.6 

(a) and (b) respectively; these mixes were tested after 28 days of curing. It can be seen 

that after 28 days of hydration, typical hydration products are presented in all samples, 

such as ettringite that mainly from hydration of C3A; quartz from the impurities; C-S-

H and calcium hydroxide from the hydration of alite and belite; and calcium carbonate 

from the carbonation process during the cement hydration or curing. It should be 

noticed that the peak of hydrocalumite only shows in the samples with more than 50% 

waste glass. The intensity of the peak of unreacted calcium silicates decreases with the 

increasing amount of waste glass in the mixture, which is due to the dilution effects of 

glass powder addition.  
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(c)                                     (d) 

Figure 2.6 The XRD patterns of pastes mixtures: (a) with filter glass powder (b) with washed filter 

glass powder (c) 70% filter glass powder with age (d) 70% washed filter glass powder with ages (1-

Ettringite, 2- calcium hydroxide, 3-calcite, 4-alite and belite, 5-hydrocalumite, 6-quartze, 7-C-S-H) 

The effect of curing age on samples containing 70% filter glass powder and washed 

filter glass powder are presented in Fig. 2.6 (c) and (d). It can be observed from Fig. 

2.6 (c) that the peak intensity of calcium hydroxide shown in mixes containing 70% 

filter glass is lower compared to the reference sample (C0) after 3 days curing. A similar 
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behaviour is also found in the same mixture after 7 days curing. After 28 days, the peaks 

of ettringite, calcium hydroxide, quartz and calcium carbonate are obviously observed 

in the XRD results, and the peaks of alite and belite show relatively low intensity. 

Compared to the filter glass powder based mixtures, the XRD results of 70% washed 

filter glass powder containing sample (CW7) show similar hydration products as the 

reference after 3 days of curing. As the curing aging increases, the peaks of alite and 

belite gradually decrease. After 28 days of curing, C7 and CW7 show a similar 

composition in terms of hydration products, which shows high intensity of calcium 

hydroxide peaks and relatively low intensity of alite and belite peaks. 

The addition of filter glass as cement replacement shows significant effect on the 

hydration process. As shown in Table 2.2, the filter glass powder contains various kinds 

of saccharides such as galactose, glucose and mannose. The incorporation of large 

amount of filter glass powder (for instance C7) results in a high content of incorporated 

organic contaminations such as paper fibre and sugar. During the hydration, degradation 

also takes place on the paper fibre under the alkaline environment, which results in 

more released saccharides. As shown in Fig. 2.6 (c), the saccharides from filter glass 

exhibit a weaker effect on formation of ettringite and stronger effects on the formation 

of calcium hydroxide during hydration. The mechanism of saccharides on cement 

hydration was investigated in detail in previous research, which indicates that the 

presence of saccharides results in the retardation of cement hydration, due to surface 

absorption of retarders directly on the anhydrous surface; resulting in the nucleation 

and growth poisoning of hydrates including portlandite (Bishop and Barron, 2006). 

Actually the effect of saccharides is more evident on the hydration of C3S and C2S than 

C3A (Ataie et al., 2015; Hong and Xiao-dong, 2014; Kochova et al., 2017). This 

explains why only the ettringite formation is not delayed from the XRD results. The 

increasing content of waste glass powder in the mixture leads to the reduced peak 

intensity of C2S and C3S. When the glass powder was used as cement replacement, the 

filler effects and heterogeneous nucleation (Xu et al., 2017) can be shown, similar to 

the role of applying fly ash or slag as cement substitute, thus more surface is available 

during the hydration. Besides, glass powder has a high content of amorphous silica, 

which will be dissolved in the alkaline environment and releases the silicates to the 

solution (Torres-Carrasco et al., 2014), increasing the consumption of C3S and C2S, and 

thus resulting in the reduced peak intensity of calcium silicate in high volume glass 

powder containing samples (Schwarz and Neithalath, 2008). Additionally, the peak of 

hydrocalumite is observed from the XRD results, especially in samples with high filter 

glass contents such as C5 and C7 after 28 days curing, while the hydrocalumite is also 

shown in the sample containing 70% washed filter glass powder, which may relate to 

the residue of chloride after the washing procedure. Ordinary Portland cement can bind 
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chloride through physical adsorption and chemical substitution (Florea and Brouwers, 

2012). Hydrocalumite is a product from the hydration of calcium aluminate and, is a 

double layered hydroxide (Zhang et al., 2011). In ordinary cement paste, the ettringite 

will react with hydrocalumite to a calcium monosulfoaluminate hydrate. In the presence 

of Cl-, SO4
2- in the layered structure will be replaced by the Cl- (Kourounis et al., 2007; 

Yu et al., 2010).  

2.3.4 Thermogravimetric analysis 

200 400 600 800 1000

80

85

90

95

100

D
T

G

M
a
s
s
 l
o
s
s
 (

%
)

 C0

 C3

 CW3

 C0

 C3

 CW3

Temperature (oC)

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

200 400 600 800 1000

82

84

86

88

90

92

94

96

98

100

102

D
T

G

 C0

 C5

 CW5

 C0

 C5

 CW5

Temperature (oC)

M
a
s
s
 l
o

s
s
 (

%
)

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

 

(2) (b) 

200 400 600 800 1000

82

84

86

88

90

92

94

96

98

100

102

 C0

 C7

 CW7

 C0

 C7

 CW7

Temperature (oC)

M
a
s
s
 l
o

s
s
 (

%
)

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

 D
T

G

 
© 

Figure 2.7 TG results of samples with different filter glass and washed filter glass content: (a) 30% (b) 

50% (c) 70% after 28 days curing 

The thermogravimetric results of different mixtures are shown in Fig. 2.7. The TG and 

DTG curves of samples containing 30%, 50% and 70% filter glass and washed filter 

glass powder are presented in Fig. 2.7 (a), (b) and (c) respectively. It can be seen that 

all samples present a significant mass loss from 40 °C to 105 °C. This mass loss is 

assigned to the physical bound water in mixtures. As the temperature increases, the 

mass loss is obviously increasing before 200 °C. After the evaporation of physically 

bound water, the C-S-H and Afm begin to lose the chemically bound water gradually at 

higher temperatures (Alarcon-Ruiz et al., 2005). The following two significant mass 
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losses are attributed to the decomposition of calcium hydroxide (400 °C-460 °C) and 

calcium carbonate (600 °C-700 °C). During the testing temperature range of 40 °C to 

1000 °C, samples with waste glass powder show less total mass loss than the reference 

sample (C0). Additionally, the highest content of filter glass powder sample (C7) shows 

the least mass loss, which is also observed in washed filter glass containing samples. It 

is noticeable that washed filter glass samples show less total mass loss than the filter 

glass samples with the same replacing level after 28 days curing. 

The calcium hydroxide content normalized by mass of cement are shown in Figs. 2.8. 

The content of calcium hydroxide is calculated from the TG results by applying the 

following equation: 

𝑊𝐶𝐻 =
𝑊400−𝑊460

𝑀𝐻20
× 𝑀𝐶𝐻                                             (2.1) 

𝑊400 − 𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑎𝑡 400 °𝐶 

𝑊460 − 𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑎𝑡 460°𝐶 

𝑀𝐻20 − 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 

𝑀𝐶𝐻 − 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑙𝑐𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 
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Figure 2.8 Calcium hydroxide contents 

Fig. 2.8 shows the calcium hydroxide content (normalized by cement) after 28 days and 

90 days curing in different samples. The addition of both filter glass and washed filter 

glass promotes the formation of calcium hydroxide. Filter glass powder containing 

samples, especially for high volume filter glass incorporation sample, present a slightly 

lower calcium hydroxide content after 28 days curing but higher after 90 days than 

samples containing washed filter glass. For the sample containing washed filter glass, 

calcium hydroxide consumption can be observed in all samples. Apparently, more 

calcium hydroxide is consumed in washed filter glass containing samples with the 

increasing of the replacement ratio compared with the sample containing filter glass 

powder. The lower calcium hydroxide consumption after 28 days and the delay of 
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calcium hydroxide formation in samples with filter glass addition may indicate that the 

pozzolanic reaction of glass powder is partially influenced by the retardation effect of 

saccharides. 

2.3.5 N2 adsorption analysis 

Fig. 2.9 (a to c) present the nitrogen sorption and desorption isotherms of samples 

containing different dosage of filter glass powder and washed filter glass powder at 

various relative pressures (p/p0). It is clear that the isotherm curves show similar type 

loop. A summary of the specific surface area results from the BET (Brunauer–Emmett–

Teller theory) calculation is shown in Fig. 2.9 (d).  
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Figure 2.9 Nitrogen sorption isotherm curves (a) (b) (c) and (d) Bet surface areas 

It can be seen that samples with filter glass and washed filter glass powder show higher 

quantity of adsorbents than the reference (C0) from the nitrogen adsorption branch. The 

washed filter glass containing sample (CW3) absorbs slightly more than the sample 

containing filter glass powder (C3) under the same replacement ratio of 30%, after the 

relative pressure reaches 0.4. When the dosage of filter glass and washed filter glass 
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powder increased to 50% and 70%, samples containing filter glass powder show higher 

absorption ability than the washed filter glass powder incorporated samples, from the 

very low relative pressure to high relative pressure. 

It can be seen from Fig. 2.9 (d) that mixtures show different surface areas. The addition 

of filter glass and washed filter glass powder increases the specific surface area when 

compared with the reference (C0). It is noticeable that 70% filter glass powder 

containing sample (C7) presents the highest surface area around 11.36 m2/g, while this 

value is 9.49 m2/g in washed filter glass based samples. In addition, no significant 

difference in surface area is observed between filter glass and washed filter glass 

containing samples at low replacement level (30%).  
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(c) 

Figure 2.10 BJH pore distributions 

The nitrogen sorption isotherm analysis was conducted through pore size distribution 

calculation by BJH (Barrett-Joyner-Halenda) method. The results of pore size 

distributions of mixtures are shown in Fig. 2.10. As can be seen, the addition of filter 

glass and washed filter glass powder leads to different pore structure changes on the 

hydration products. For samples containing 30% washed glass powder (CW3), a 

slightly higher volume of pores that less than 15 nm and relatively larger volume of 
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pores from 2 nm to 50 nm is observed in Fig. 2.10 (a), when compared with filter glass 

powder containing samples (C3). Further increasing the filter glass powder dosage to 

50% and 70% leads to high porosity at low ranges (<15 nm), and low porosity at high 

ranges (> 20 nm) when compared with washed filter glass powder containing samples, 

as shown in Fig. 2.10 (b) and (c).  

The addition of both filter glass and washed filter glass powder increase the surface 

area and results in reaction products with higher porosity. It is well known that the 

higher hydration degree of cement pastes contributes to the high specific surface area 

(Mikhail et al., 1964); and the water/cement ratio show limited influence on the surface 

area (Juenger and Jennings, 2001). As a consequence, the addition of glass powder 

could be the main reason for the increased surface area. Generally, the incorporation of 

glass powder lowers the overall Ca/Si atom ratio and increases Al/Ca in the pore 

solution, which causes the producing of C-S-H gel with low density as fly ash in early 

age (Goñi et al., 2012); additionally, the dissolving of glass powder in alkali 

environment releases silicate, which also promotes the hydration of the cement particle 

(Ben Haha et al., 2011). Comparing filter glass containing samples with washed filter 

glass containing ones, filter glass containing samples present higher surface area and 

larger pore volume. This indicates that the incorporation of filter glass produces C-S-H 

gels with lower density than washed filter glass incorporating samples. The retardation 

of the saccharide in filter glass powder containing samples induces the high initial 

dissolution of ions, while the long delay period demonstrates that the many ions could 

migrate to the sites far from the reaction particle (Juenger and Jennings, 2002). These 

result in the formation of C-S-H gel in the open pore spaces and higher surface area in 

terms of the microstructure, which is also due to the more porous structure. 

2.3.6 SEM 

The SEM- EDX are used together to determine the micro-structure and chemical 

composition of hydration products of pastes containing filter glass powder and washed 

filter glass powder. The results are shown in Fig. 2.11. 

(a)      
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(b)       

(c)       

(d)       

(e)       

Figure 2.11 SEM images (left ×1000, right ×5000)and EDX results: (a) plain sample C0 (b) 70% filter 

glass sample C7 (c) 70% washed filter glass sample CW7 (d) 30% filter glass sample C3 (e) 30% 

washed filter glass sample CW3 

It can be observed that the plain cement paste (C0) shows a relatively dense 

microstructure. The hydration products ideally fill the space between the unreacted 

cement particles and show a homogeneous structure. The result of EDX obtained 

around the unreacted cement particle shows a Ca/Si ratio of 2.02, which is a typical C-

S-H produced by cement hydration (Richardson and Groves, 1993; Rodger and Groves, 

1989).The filter glass and washed filter glass incorporation leads to a more porous 

structure at micro scale. As can be seen in Fig. 2.11 (d) and (e) that 30% filter glass (C3) 



 

30 
 

and washed filter glass (CW3) samples shows more porosity than the plain sample, and 

EDX and SEM images with 8000 × exhibit that the glass particles around 10 μm are 

covered by the C-S-H gel with a low Ca/Si ratio. For example, Ca/Si with 1.09 and 1.67 

are observed in C3 and CW3, respectively. At the same time, most of the glass particles 

around 10 μm in C7 show clean and smooth surface with a Ca/Si with 0.14, which is 

due to the largely unreacted glass particles. These may indicate that a limited pozzolanic 

reaction occurred on the surface of these glass particles, and the products from cement 

hydration fill the pores between glass particles with weak binding forces. The EDX 

result of the glass particles surface in sample C7 also presents high Si and O content, 

which can be referred to the raw glass phase, while the morphological image of sample 

containing 70% washed filter glass powder exhibits a rough surface of glass particle. 

As can be seen from the SEM picture Fig. 2.11 (b) and (c), the glass particles in CW7 

are covered by the reaction products. The EDX result of the gel on the surface of glass 

particle shows a low Ca/Si of 0.93, which can be considered as the products from the 

pozzolanic reaction of glass powder. 

Compared with the glass particles in high volume filter glass and washed filter glass 

containing samples, it is obviously that the washed filter glass particles show a clear 

sign of pozzolanic reaction. The glass particle could be dissolved in the alkaline 

environment and the silicate released from glass phase reacts with the calcium 

hydroxide from cement hydration. The filter glass powder contains organic matter and 

saccharides contamination, which poisons the surface of cement particle and the growth 

of calcium hydroxide. Consequently, the dissolution of glass particles is inhibited, 

which limits the pozzolanic reaction on the surface of glass particles. Combining with 

the results of BET, it can be suggested that the samples containing washed filter glass 

show higher volume pore between 20-50 nm, which could be related to the C-S-H from 

pozzolanic reaction.  

2.4 Conclusions 

1. The leaching results indicate that the filter glass contains saccharides and high dosage 

of Na+ and Cl-. After washing treatment, the soluble salts and organic matter can be 

removed efficiently. 

2. The addition of filter glass powder significantly retards the hydration process. The 

incorporation of filter glass powder also decreases the heat flow peak and cumulative 

heat during hydration. After washing, filter glass powder shows a limited influence of 

retardation on the cement hydration, which indicates that the organic contamination in 

filter glass is the main reason for the retardation of hydration. 
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3. The addition of the hydration accelerator such as CaCl2, nano-silica and micro silica 

can significantly improve the hydration process and reduce the retardation of sample 

containing high volume filter glass. Burning treatment and second washing treatment 

for filter glass also can obviously reduce the retardation effect. 

4. The saccharides in filter glass powder show significant influence on the hydration of 

high volume filter glass containing samples during different ages. After 28 days curing, 

the high volume filter glass powder containing samples show peaks of hydrocalumite 

which is related to the chloride in raw material. Also, the high volume filter glass 

powder and washed filter glass powder incorporation improve the consumption of 

tricalcium silicate and dicalcium silicate. 

5. The filter glass powder containing samples show lower calcium hydroxide 

consumption than washed filter glass powder containing samples. However, the amount 

of generated portlandite suggests that the glass undergoes a pozzolanic reaction.  

6. The filter glass powder incorporation increases the specific surface area, which is 

attributed to the increasing pore volume. The saccharides in filter glass powder 

contributes to the higher pore volume of less than 15 nm and lower pore volume of 

more than 20 nm when compared to the filter glass after washing. 

7. High volume filter glass powder and washed filter glass powder containing samples 

result in porous microstructure. From the SEM images, the washed filter glass powder 

shows higher activity of pozzolanic reaction than the filter glass powder.  
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Chapter 3 Performance evaluation of sustainable high 

strength mortars incorporating high volume waste glass as 

binder 

 

 

 

 

This chapter investigates the performance of sustainable high strength mortars 

incorporating recycled waste glass as a supplementary cementitious material (SCM) to 

replace cement with low (10%) to high (60%) replacement ratios, while normal mortars 

with high water to binder ratio (0.5) design were used as reference. The addition of the 

recycled waste glass significantly improves the slump-flow of fresh mortars with 

superplasticizer (SP). The increase of the recycled waste glass dosage contributes to a 

longer initial and final setting time compared to the plain cement sample, and shows an 

obvious delay of hydration compared with others incorporating the same amount of SP. 

The high strength series samples containing various contents of recycled waste glass 

show similar total gel porosity, but a significant increase of gel porosity was observed 

in normal strength series samples containing recycled waste glass. The addition of high 

volume waste glass results in a higher mesopore volume, then introduceing higher 

drying shrinkage in sustainable mortars. The mechanical performance tests show that 

sustainable high strength mortars containing 60% recycled waste glass can achieve a 

satisfactory strength (99 MPa) compared to the plain cement sample (115 MPa). 
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3. 1 Introduction 

For the sustainable application of solid wastes, and reducing the energy consumption 

associated with cement production, high volume of SCMs (supplementary cementitious 

materials) from solid wastes such as ground granulated blast furnace slag (GGBS) and 

coal fly ash have been studied for high volume cement replacement. For example, high 

volume fly ash in conventional concrete and high strength concrete has been generally 

studied for several years (Jeong et al., 2015; Kim and Lee, 2013; Siad et al., 2018). But 

for waste glass, most of the existing studies focused on a cement replacement ratio of 

less than 30%.  

From a value and sustainable application point of view, it can be desirable to incorporate 

high volume waste glass powder in high-strength concrete. It has been addressed that a 

low water to binder ratio is beneficial to reduce the strength loss and environmental 

impact when high volume pozzolanic material is incorporated as cement replacement 

(Poon et al., 2000). High-strength concrete also has a high durability (Ghafari et al., 

2015) due to the very low water to binder ratio. Different industrial wastes in 

sustainable high strength concrete, such as slag, fly ash etc. have been widely studied 

(Chen et al., 2018; Ghafari et al., 2016; Kim et al., 2016). The addition of pozzolanic 

material contributes to a better workability and an improved microstructure of high 

performance concrete due to the pozzolanic reaction and filler effect (Cheyrezy et al., 

1995). The reactivity of fine waste glass fractions’ and their benefits on the workability 

of concrete, by applying it in ultra-high performance concrete to replace quartz powder 

and micro sand in high-strength concrete were also reported (Soliman and Tagnit-

Hamou, 2016; Vaitkevičius et al., 2014). Drying shrinkage and strength are important 

parameters to evaluate the performance of high strength concrete (Li and Yao, 2001), 

but for sustainable high performance concrete containing recycled waste glass, the 

available studies are limited, and the influence on hydration kinetics, mechanical 

performance, shrinkage properties and especially microstructure still need further study 

for the high-value applications.  

This chapter evaluates the fresh and hardened behaviour, hydration kinetics and 

hydration products, drying shrinkage, strength properties and microstructure of high 

strength and normal strength mortars containing high volume recycled waste glass as a 

SCM. The aim is to assess the performance of sustainable high strength mortars 

incorporating a high volume of recycled waste glass as binder and to investigate the 

different effects of glass powder on strength development, drying shrinkage and gel 

structure between sustainable high strength and normal strength mortars. 
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3.2 Materials and methods 

3.2.1 Materials 

The cement used in this study is a CEM III/A 52.5 N and is provided by ENCI. The 

waste glass powder was acquired from milled mixed coloured waste glass (soda-lime 

glass) fractions, and ground by ball milling with 300 rpm for 30 minutes. The 

superplasticizer used in this study is polycarboxylic ether based, with a concentration 

of 35%, provided by Sika. The sand used in this study is the CEN-Standard sand (0-2 

mm) according to EN 196-1 provided by Normensand.  

3.2.2 Methods 

 Mortars and pastes preparation 

Table 3.1 Mixtures design (1 m3) 

Sample ID Cement  

(kg) 

Glass powder  

(kg) 

Water  

(kg) 

Sand  

(kg) 

SP  

(kg) 

R-N 565.1 0 282.6 1412.8 0 

GP10-N 506.4 56.3 281.3 1406.6 0 

GP30-N 390.4 167.3 278.9 1394.5 0 

GP60-N 220.3 330.4 275.3 1376.6 0 

R-H 658.1 0 150.4 1645.2 18.8 

GP10-H 589.3 65.5 149.7 1636.9 18.7 

GP30-H 453.7 194.4 148.2 1620.5 18.5 

GP60-H 255.4 383.1 145.9 1596.4 18.2 

N-normal strength series H-high strength series 

As shown in the Table 3.1 mixtures for 1 m3, a low water / binder (cement + waste glass) 

ratio of 0.25 and superplasticizer (SP) were selected for the high strength series sample. 

The same dosage of SP for all high strength samples was conducted for investigating 

the influence of recycled waste glass on the workability of different components. The 

normal series mortars were prepared with the water / binder ratio of 0.5. The sand / 

binder ratio is 2.5 for all mortars. The cement was replaced by recycled waste glass 

from 0%, 10%, and 30% up to 60% by mass. Superplasticizer was used to get the 

desired flowability of high strength mortars. The mixing of mortar was done by using 

a 5-liter Hobart mixer. At first, mixing the dry binder (cement and waste glass powder) 

and fine aggregate (standard sand) were mixed for 30 s under low speed. Then water 

and superplasticizer were added and mixed for 120 s at low speed and 120 s at medium 

speed. At last, the fresh mortars were filled into the plastic mould of 40 mm × 40 mm 

× 160 mm and vibrated for 60 s and covered with the plastic film for 24 hours. After 
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the first 24 h, the mortar prisms were demoulded and covered by plastic film for ambient 

curing until further testing.  

 Flowability and setting time 

The slump-flow of fresh mortar was measured using the flow table test (EN 1015-3) 

(DIN EN, 2007). The fresh mortars were filled into a standard conical ring and a flow 

with 15 impacts was measured. Two diameters were recorded and the average value 

was used as the slump flow. The setting time of pastes was measured according to the 

Vicat needle method as described in EN 196-3 (EN, 2009).  

 Characterization methods for raw materials and reaction products 

The calorimetry test, X-ray diffraction, XRF, specific density, thermogravimetric test, 

SEM and N2 absorption test were performed as the described in Chapter 2.2.2.  

 Mechanical performance 

The strength tests were carried out according to EN 196-1 (BS EN, 2005). Prism 

samples with a size of 40 mm × 40 mm × 160 mm were prepared and tested after 7 days, 

28 days, 56 days and 90 days. An average value of flexural strength was calculated by 

testing 3 prism samples. In addition, compressive strength tests were conducted by 6 

specimens. The drying shrinkage tests were conducted using prisms of 40 mm × 40 mm 

× 160 mm. After 24 hours sealed curing, the specimens were moved to an environment 

with 50% RH and a temperature of 20 °C. Then the length of different samples were 

measured and recorded after a given time. 

3.3 Results and discussion 

3.3.1 Characterization of the raw materials 

The chemical composition of recycled waste glass and cement conducted by using XRF 

are shown in Table 3.2. It can be seen that the recycled waste glass accounts for 68.33% 

of SiO2, 11.9% of CaO, and 14.65% of Na2O. 

 

 

 

 



 

37 
 

Table 3.2 XRF of materials 

Chemical 

composition 

Recycled Waste glass 

(%)  

Cement 

(%) 

Na2O 14.65 / 

MgO 1.29 5.35 

Al2O3 1.93 7.63 

SiO2 68.33 22.27 

SO3 0.086 5.52 

K2O 0.7 0.42 

CaO 11.9 54.54 

TiO2 0.062 0.83 

Cr2O3 0.12 0.005 

MnO 0.022 0.19 

Fe2O3 0.36 1.61 

ZnO 0.009 0.027 

BaO 0.061 0.031 

PbO 0.05 0.002 

Cl 0.019 0.023 

P2O5 

Specific density 

/ 

2.50 g/cm3 

0.15 

3.10 g/cm3 

5 10 15 20 25 30 35 40 45 50 55 60 65

2

1 1

1

12

1

1

1

1

1

3

3
3 22

CEM

Recycled waste glass

 

Figure 3.1 XRD patterns of cement and recycled waste glass (1-C3S, 2-C2S, 3-CaSO4) 

Their X-ray diffraction patterns and particle size distributions are shown in Fig. 3.1 and 

Fig. 3.2. The recycled waste glass powder milled from mixed colour waste glass 

fractions is shown in Fig. 3.3. The average particle size of glass powder and cement is 

10.97 μm and 8.23 μm, respectively. It can be seen from the XRD patterns that recycled 

waste glass shows no distinct peaks but a relatively wide peak, which is related to the 

amorphous structure. The cement presents typical peaks related to dicalcium silicate, 

tricalcium silicate and calcium sulphate.  



 

38 
 

0.1 1 10 100 1000

0

20

40

60

80

100

C
u
m

u
la

ti
v
e
 v

o
lu

m
e
 (

%
)

Particle size (mm)

 Waste glass powder

 Cement

 Sand

 

Figure 3.2 Particle size distributions 

 

  

Figure 3.3 Recycled waste glass fractions before and after milling 

3.3.2 Fresh behaviour of sustainable mortars 

 Slump flow and density 
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(a)                                        (b) 

Figure 3.4 (a) Slump flow and (b) density 

The slump flow and density of mortars are shown in the Fig. 3.4. It can be seen that the 

slump flows of high strength mixtures are enhanced by the increase of the recycled 

waste glass incorporation. The plain high strength mixture (R-H) has a slump flow of 
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21.25 cm. Compared with the plain sample, the high strength sample mixing with 60% 

recycled waste glass exhibits a 15.3% higher flowability with 24.5 cm, while the normal 

mixtures present no significant change on the flowability or even a slight decrease when 

high volume recycled waste glass was incorporated. 

It can be observed from Fig. 3.4 (b) that the density of mortar keeps decreasing with 

the increase in recycled waste glass dosage, in both of high strength series or normal 

strength series. Recycled waste glass has a lower density (2.5 g/cm3) than the cement 

(3.1 g/cm3). The higher content of glass powder in mortar results in a lower density. 

The decreasing density of mortar incorporating waste glass was also reported by other 

studies (Yu et al., 2016). 

The addition of superplasticizer can efficiently improve the flowability of mixtures with 

very low water / binder ratios. The superplasticizer used in this study shows higher 

effects on the flowability on recycled waste glass-containing samples than on the plain 

samples (R-H), at the same dosage (SP/binder). This polycarboxylate-based 

superplasticizer has long chains and side chains can adsorb on the surface of the cement 

particle (Yamada et al., 2000), and produce an electrostatic repulsive effect, which 

causes the dispersing of cement particles (Zingg et al., 2009). The dosage of 

superplasticizer causes a significant influence on the flowability and hydration kinetics 

(Li et al., 2017). For a cement replacement ratio from 0% up to 60% by recycled waste 

glass, the lower cement proportion increases the SP/cement ratio. These all contribute 

to a better flowability of high strength mixtures with the increase of glass powder 

incorporation. 
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(a)                                    (b) 

Figure 3.5 Setting time of mixtures 

For the high strength mixtures, the setting time is almost 2 times longer than for the 
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normal strength sample due to the addition of superplasticizer. The initial setting time 

of the plain sample with high strength is 564 min and 674 min to reach the final setting 

after mixing. When the amount of recycled waste glass increases up to 60%, the initial 

setting is retarded to 850 min while the final setting takes place after 1036 min. Normal 

strength samples show a shorter setting time than the high strength mixtures. The initial 

setting time of the plain sample (R-N) is 291 min and 341 min for final setting. High 

volume glass-containing normal strength sample presents an initial setting time of 450 

min and the final setting time of 534 min. 

A high alkalis content usually results in flash setting (Xie and Xi, 2002), but in this case, 

no flash setting was observed. This may be due to the fact that the alkali dissolution is 

not fast enough from waste glass just induces a limited influence on the hardening 

process (Schwarz and Neithalath, 2008). The setting behaviour is related to the 

dispersion of cement grains and hydration (Hwang and Shen, 1991). Since the cement 

is substituted by recycled waste glass, the decreased cement mass in pastes results in 

less hydrates formation. On the other hand, the cementitious effects caused by the 

pozzolanic reaction shows limited influences at early ages. In addition, with the 

increasing glass powder incorporation, the effective water to cement ratio keeps 

increasing, a higher water to cement ratio inducing a longer duration to achieve setting. 

As consequence, the addition of recycled waste glass increases both initial and final 

setting times. 

3.3.3 Hydration kinetics and products analysis of sustainable mortars 
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(a)                                      (b) 

Figure 3.6 Heat flow during the early hydration 

As shown in Fig. 3.6 (a), all samples show one peak of heat flow during the hydration 

with different intensities. The heat flow peak intensity decreases gradually by the 



 

41 
 

increasing of glass powder dosage. It is noticeable that the hydration of paste containing 

high volume glass powder is delayed significantly compared with other samples with 

the same superplasticizer dosage.  

The heat flow curves of normal samples with no superplasticizer and high water to 

binder ratio show two peaks and shorter time to reach the first peak during hydration, 

which can be seen in Fig. 3.6 (b). The first peak is related to the hydration of C3S, and 

the second peak corresponds to conversion of ettringite to monosulfate (Mostafa and 

Brown, 2005). As shown in the Fig. 3.6 (b), the high-volume recycled waste glass-

containing sample (GP60-N) takes a shorter time to reach the first and second peak, 

which means that the addition of a high amount of recycled waste glass improves the 

reaction rate. 

Fine waste glass powder has been shown to have a pozzolanic activity in an alkaline 

environment because of the high amorphous silica content (Shi et al., 2005). In addition, 

the dissolution of fine glass powder in an alkaline environment is accompanied by the 

release of sodium ions (El-Shamy et al., 1972). For samples containing superplasticizer, 

the cement particle’s dissolution and reaction in the pore solution are delayed. As a 

consequence, the pH of the pore solution increases with a slow rate, and subsequently, 

the dissolution of fine glass powder is inhibited. On the other hand, the SP to cement 

ratio is increased with the increase of the waste glass powder content. Generally, the 

higher SP to cement ratio results in a more significant retardation effect on sample 

hydration. However, for the samples without SP, there is no delay on the dissolution of 

waste glass powder, which releases sodium and silica to the pore solution and causes 

the acceleration of hydration rate (Nocuò-Wczelik, 1999). 

Table 3.3 Cumulative heat (normalized by cement) and acceleration index 

Sample ID 

Cumulative heat (J/g) Acceleration index 

Total heat  1 day 3 days 5 days 1 day 3 days 5 days Total heat 

R-H 211.40 117.00 196.70 210.60 0.00% 0.00% 0.00% 0.00% 

GP10-H 231.22 123.33 213.44 230.11 5.41% 8.51% 9.26% 9.38% 

GP30-H 264.00 130.00 237.14 262.43 11.11% 20.56% 24.61% 24.88% 

GP60-H 319.25 69.00 263.25 316.25 -41.03% 33.83% 50.17% 51.02% 

R-N 294.90 188.00 259.70 292.20 0.00% 0.00% 0.00% 0.00% 

GP10-N 302.67 190.56 264.22 299.56 1.36% 1.74% 2.52% 2.63% 

GP30-N 315.14 198.43 274.14 311.86 5.55% 5.56% 6.73% 6.86% 

GP60-N 365.25 214.00 307.50 360.25 13.83% 18.41% 23.29% 23.86% 

To investigate the influence of recycled waste glass on the hydration of cement, the 

summary of the calorimeter result (normalized by mass of cement) of different samples 

is shown in Table 3.3. As can be seen in the high strength samples, the addition of waste 
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glass can improve hydration of cement significantly. The acceleration index of different 

samples during calorimeter test is calculated by the following equation: 

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 =
𝐻𝐺𝑃−𝐻𝐶

𝐻𝐶
× 100%                                       (3.1) 

𝐻𝐺𝑃 − 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑏𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 

𝐻𝐶 − 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑝𝑙𝑎𝑖𝑛 𝑐𝑒𝑚𝑒𝑛𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 

The acceleration index of high volume waste glass containing sample (GP60-H) is 

negative at 1 day, which is due to the highest SP/cement ratio. From the heat flow curve, 

it can be seen that the same dosage SP in high volume waste glass sample causes longer 

duration to reach the heat peak. However, after the induction period, the acceleration 

index enhances dramatically. Compared to the normal strength samples with the same 

waste glass dosage, high strength samples show a higher acceleration index. This can 

be explained by the strong dilution effect and heterogeneous nucleation (Lawrence et 

al., 2003) by increasing waste glass proportion in such a low water to binder ratio 

system. In general, a higher acceleration effect (as described in Equation 3.1) on cement 

hydration is observed in the high strength samples compared to the normal strength 

samples by the incorporation of recycled waste glass.  

 XRD of reaction products 

The mineral composition of the high strength series and normal strength series samples 

containing different amount of recycled waste glass after 90 days curing are shown in 

Fig. 3.7. It can be seen that all samples exhibit common peaks of ettringite, portlandite, 

C-S-H and tricalcium silicate and dicalcium silicate, which were produced by the 

cement hydration, but with different peak intensities.  
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(a)                                   (b) 

Figure 3.7 XRD patterns of samples of (a) high strength series and (b) normal strength series (1- 

calcium hydroxide, 2- C-S-H, 3- alite and belite, 4- ettringite, 5- hydrocalumite) 
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The peaks of ettringite come from the hydration of C3A; peaks of portlandite mainly 

come from the hydration of C2S and C3S; peaks of C-S-H are generated combining 

from the hydration of C2S, C3S and the pozzolanic reaction of glass powder. The 

addition of recycled waste glass reduces the peak intensity of portlandite, ettringite and 

C2S, C3S with the increasing glass powder amount, while the peaks of C-S-H become 

clearer and of higher intensity. The pozzolanic character of waste glass can also enhance 

the consumption of calcium hydroxide and calcium silicate, which is related to the 

reduced peak intensity. 

It is interesting to notice that the peaks intensity of portlandite in the high strength 

sample and normal sample show a significant difference. In the high strength sample 

(GP60-H) containing high volume of recycled waste glass, the peaks of portlandite are 

weak but still can be observed clearly, while an extremely low peak intensity of 

portlandite can be observed in normal strength sample (GP60-N). These may indicate 

that the normal strength sample modified by high volume recycled waste glass contains 

less portlandite compared to the high strength sample containing same dosage of 

recycled waste glass.  

 Thermogravimetric study of hydration products 

The results of the thermogravimetric test of all samples after 90 days curing are show 

in Fig. 3.8. All samples show a significant mass loss from 40°C to 1000°C due to the 

loss of physically bound water, the loss of chemically bound water, decomposition of 

C-S-H gel, decomposition of calcium hydroxide and decomposition of calcite. 
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(a)                                   (b) 

Figure 3.8 The thermogravimetric curves of (a) high strength mixtures and (b) normal strength 

mixtures 

As can be seen in Fig. 3.8 (a), the addition of recycled waste glass results in a decreasing 

mass loss for high strength samples during the whole TG test. The remaining mass of 

plain sample after heating to 1000°C is about 83.75%, which is the lowest compared to 
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84.08%, 85.26% and 87.59% for 10%, 30% and 60% recycled waste glass containing 

samples, respectively. The high strength specimens exhibit lower mass loss than the 

normal strength samples during the test. As shown in Fig. 8 (b), 60% recycled waste 

glass-containing sample (GP60-N) presents a remaining mass of 85.05%. The plain 

sample (R-N) has the remaining mass of 77.4% and 10% waste glass-containing sample 

(GP10-N) remains 78.72% of mass after heating to 1000 °C.  
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(a)                                    (b) 

Figure 3.9 DTG curves of samples with (a) high strength and (b) normal strength series 

Table 3.4 Calcium hydroxide content (normalized by cement mass) 

 CH content (%) CH content change from 7 day 

Sample ID 7 days 28 days 56 days 90 days 28 days 56 days 90 days 

R-H 5.96 5.84 5.59 5.71 -2.07% -6.21% -4.14% 

GP10-H 6.30 6.30 5.94 6.21 0.00% -5.80% -1.45% 

GP30-H 7.40 7.28 6.70 6.58 -1.59% -9.52% -11.11% 

GP60-H 9.76 8.02 6.68 5.24 -17.89% -31.58% -46.32% 

R-N 8.63 8.39 8.43 8.26 -2.86% -2.38% -4.29% 

GP10-N 8.86 8.63 8.59 8.45 -2.58% -3.09% -4.64% 

GP30-N 10.04 9.69 8.57 8.63 -3.51% -14.62% -14.04% 

GP60-N 10.07 10.18 7.09 4.83 1.02% -29.59% -52.04% 

The DTG results of different samples are shown in Fig. 3.9 (a) high strength series and 

(b) normal strength series. All DTG curves show three main peaks during the test. The 

first peak around 105 °C indicates the evaporation of physically bound water. The 

second peak around 400-460 °C is related to the decomposition of calcium hydroxide, 

the last peak from 600-700 °C corresponds to the decomposition of calcium carbonate. 

It is obvious that all peak intensities gradually decrease with the increasing amount of 

recycled waste glass in samples. This also indicates that the addition of recycled waste 

glass reduces the physically bound water and calcium hydroxide content of specimens. 

Recycled waste glass is believed to show pozzolanic activity in an alkali environment. 

The silica dissolved from the glass phase can react with calcium hydroxide to form C-

S-H, which reduces the CH content in samples. 
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To further understand the consumption of calcium hydroxide by recycled waste glass, 

the calcium hydroxide content of different samples with various curing duration are 

summarized and shown in Table 3.4. It is clear that in normal strength samples, recycled 

waste glass shows a higher CH consumption after 7 days compared to high strength 

samples. The pozzolanic reaction of waste glass powder mostly relies on the amount of 

CH. In normal strength samples, high water to cement ratio contributes to the higher 

hydration degree of the cement part, in other words, more CH is produced by cement 

hydration. On the contrary, low water to binder ratio in high strength samples results in 

a lower hydration degree. As a consequence, the CH content change in the high strength 

samples is lower compared to normal strength samples. This is similar to the CH 

consumption in high volume fly ash concrete (Poon et al., 2000). 

3.3.4 Microstructure characterization of sustainable mortars  

 SEM and EDX analysis  

Fig. 3.10-13 show the SEM images of unpolished pastes and polished mortar samples. 

As shown in Fig. 3.10 (a) and Fig. 3.11 (a), the normal strength sample containing 60% 

recycled waste glass (GP-60N) presents a more porous microstructure compared to the 

plain sample (R-N). As well as in the images of the polished mortar samples, the plain 

sample shows a denser structure than the sample with high volume glass powder (Fig. 

3.10 (b) and Fig. 3.11 (b)). The aggregated glass particles (red circle) can be observed 

in GP-60N, which shows a loose packing. This may be caused by low gel / space ratio 

and the high amount of glass addition; as a consequence, the limited products of 

hydration and pozzolanic reaction are not enough to fill the volume of the pores. On the 

contrary, the high strength plain sample and sample containing 60% recycled waste 

glass show no significant differences in morphology of microstructure;  as shown in 

Fig. 3.12 (a) and Fig. 3.13 (a), a dense gel structure can be found in these two samples. 

From the mortar samples, the dense packing and compact interfacial transition zone 

(ITZ) can be observed. No aggregated glass particles are observed in GP-60H, which 

is due to the effect of dispersion effect of SP. In addition, the high gel / space ratio (Lam 

et al., 2000) of GP-60H induces less space for hydration and pozzolanic reaction 

products. Consequentlly, a dense microstructure is formed.  
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(a)                          (b) 

Figure 3.10 SEM images of normal strength plain sample (a) paste (b) mortar cured for 90 days 

  

(a)                         (b) 

Figure 3.11 SEM images of normal strength sample containing 60% waste glass powder (a) paste (b) 

mortar cured for 90 days 

  

(a)                         (b) 

Figure 3.12 SEM images of high strength plain sample (a) paste (b) mortar cured for 90 days 
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(a)                          (b) 

Figure 3.13 SEM images of high strength sample containing 60% waste glass (a) paste (b) mortar cured 

for 90 days 
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Figure 3.14 EDX results of different samples 

Fig. 3.14 illustrates the summary data from EDX analysis, which presents the 

relationship between Ca/Si, Si/Al and (Na+K)/Ca ratios in formed gel. As it can be seen 

in Fig. 3.14 (a), after the high volume recycled waste glass was incorporated, the Ca/Si 

ratio of C-S-H decreases significantly compared to the reference samples. In addition, 

a higher Si/Al ratio is exhibited by high volume glass containing samples. This is due 

to the recycled waste glass, which is a SiO2 rich material; as the consequence, the total 

Al and Ca are reduced. Generally, the decreasing Ca/Si ratio can improve the alkali 

binding ability of C-S-H or C-A-S-H gel as shown in the studies by Brouwers 

(Brouwers and vanEijk, 2003), Chen (Chen and Brouwers, 2010) and Yoon Hong 

(Hong and Glasser, 1999). It can be seen in Fig. 3.14 (b) that high volume recycled 

waste glass containing samples have a slightly higher (Na+K)/Ca compared to the plain 

sample. Moreover, the (Na+K)/Ca in GP60-N is higher than in GP60-H, this may be 

related to the high porosity gel structure in GP60-N, which can result in a higher 

physical adsorption ability. 

10 µm 20 µm 
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 Gel structure- N2 adsorption analysis 

Fig. 3.15 (a) and (b) illustrate the cumulative pore volume of different paste samples by 

N2 adsorption test. The recycled waste glass incorporation in the high strength series 

samples shows no significant change on the total pore volume from the adsorption 

branch of N2 adsorption test. High volume recycled waste glass-containing sample 

(GP60-H) shows a slight increase in total pore volume compared with the plain sample. 

For the normal strength series samples, the addition of recycled waste glass obviously 

enhances the pore volume. 
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(a)                                     (b) 

Figure 3.15 Cumulative pore volume of various samples from BJH adsorption branch: (a) high strength 

samples and (b) normal strength samples after 90 days 
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Figure 3.16 Pore size distribution of mixtures after 90 days 

The pore size distribution of different samples is illustrated in Fig. 3.16. The pore 

volume of the range of 0-5 nm, 5-10 nm, 10-20 nm, 20-50 nm and 50-100 nm were 

summarized from the data of the BJH adsorption branch. The addition of recycled waste 

glass results in the variation of pore volume in different size ranges of all samples. For 

the high strength series specimens, the addition of 10% recycled waste glass slightly 

increases the pore volume between 0 to 20 nm compared to reference sample. On the 

contrary, a higher amount of recycled waste glass incorporations (30% and 60%) 
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decrease the volume in this range obviously by more than 50%. The pore volume 

between 20 to 50 nm is enhanced by the increasing of the recycled waste glass addition. 

In the normal strength series samples, the incorporation of recycled waste glass 

significantly increases the pore volume between 10 to 20 nm, 20 to 50 nm and 20 to 

100 nm.  

Comparing the total pore volume and pore size distribution between the high strength 

and normal strength series samples, it is clear that the addition of recycled waste glass 

induces a limited influence on total pore volume of high strength series samples, but 

significantly enhances the total volume of normal strength series samples. At the same 

time, the pore volume between 0 to 5 nm in the high strength series samples are higher 

than the normal series, while large size pore (10-50 nm) in normal strength series 

samples are definitely higher. The gel porosity and structure is greatly influenced by 

many aspects, such as water to binder ratio (Atahan et al., 2009), curing conditions 

(Odler and Rößler, 1985) and mineral composition (Alderete et al., 2017) of the binders. 

Firstly, the addition of low dosage (10%) recycled waste glass in samples induces the 

filler and nucleation effects, which can result in the denser microstructure of hydration 

products, this can explain why the GP10-H and GP10-N exhibit a higher pore volume 

of 0-5 nm. However, with the increasing recycled waste glass dosage, the dilution 

effects become prominent and lead to a highly porous microstructure (Schwarz and 

Neithalath, 2008). As a consequence, the pore volume in the range of 10-50 nm was 

enhanced significantly, which agrees with the studies of water adsorption of pastes with 

different water to cement ratios by Powers and Brownyard (Powers, 1958). Secondly, 

a low water to binder ratio in the high strength series samples provides less space for 

cement hydration products and pozzolanic reaction products, which results in a lower 

pore volume and denser microstructure (Cook and Hover, 1999). On the contrary, due 

to the high water to binder ratio in normal strength series sample, a significant increase 

of gel porosity was observed. Thirdly, as a pozzolanic material, the reaction of recycled 

waste glass mostly relies on the calcium hydroxide from cement hydration, 

subsequently, C-S-H gel with low Ca/Si ratio is formed with the alkali incorporation on 

the surface of the glass particles. In case of the low Ca/Si ratio, this C-S-H gel presents 

a higher porosity structure compared with the C-S-H gel from cement hydration (Goñi 

et al., 2012). Especially, according to the study of Lam that low water-to-cement ratio 

not only results in lower hydration degree, but also the lower reaction degree of 

pozzolanic material (Lam et al., 2000), this also was verified by the results of calcium 

hydroxide development of low replacement ratio (< 30%) samples. For high volume 

recycled waste glass containing samples, the dilution effect dominates the hydration 

and similar amount calcium hydroxide consumption was observed. Subsequently, the 

significantly higher porosity of normal strength sample containing 60% recycled waste 
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glass is mostly caused by the lower gel to space ratio which is related to the water to 

binder ratio.  

3.3.5 Mechanical performance of sustainable mortars 

 Drying shrinkage 

The drying shrinkage behaviour of high strength and normal strength mortars 

containing various recycled waste glass up to 90 days of curing are shown in Fig. 3.17. 

It can be seen that all specimens present an obvious deformation over the period. For 

the high strength series samples, the shrinkage is strongly affected by the early period 

(before 10 days), and shows a slow increase in the later period, while in the normal 

strength series mixtures, the shrinkage of samples shows a distinct difference after 

about 28 days and higher drying shrinkage than the high strength series samples. It is 

clear that the addition of high volume recycled waste glass as cement replacement 

induces the higher shrinkage after 28 days. 
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Figure 3.17 Drying shrinkage of mixtures 

As shown in Fig. 3.17, the high volume recycled waste glass-containing sample (GP60-

H) presents the highest drying shrinkage among the high strength samples during the 

whole test period. Apparently, the addition of 10% recycled waste glass slightly reduces 

the drying shrinkage compared to the reference sample. When the amount of recycled 

waste glass is increased to 30%, the sample (GP30-H) shows a slight increase in 

shrinkage. During the first 3 days, all samples show a similar development of shrinkage, 

while after 5 days, the high volume of glass powder-incorporating sample exhibits a 

significant acceleration on shrinkage development.  

The normal strength series show a similar trend as the high strength samples in 

development of drying shrinkage. The 60% recycled waste glass-containing sample 

exhibits the highest dry shrinkage. The addition of 10% recycled waste glass presents 
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a lower shrinkage with 7.25×10-4, which is reduced by 6.8% compared to the reference, 

and the addition of 30% recycled waste glass shows almost the same drying shrinkage 

as the reference. It is noticeable that all normal strength samples present similar 

shrinkage development during the period of the first 28 days. After that, the high 

volume recycled waste glass containing sample (GP60-N) presents a higher increasing 

rate of shrinkage. 

It is well known that the chemical composition, curing conditions and water/binder ratio 

have effects on the shrinkage behaviour (Bentz, 2006; Khokhar et al., 2010). Based on 

the results of drying shrinkage, the normal series samples exhibit significantly high 

drying shrinkages than the high strength series samples due to the higher water/binder 

ratio. Generally, a higher water to binder ratio can enhance the total drying shrinkage 

due to the water loss during the drying period (Shi et al., 2015; Zhang et al., 2003). The 

slight lower drying shrinkage of 10% glass powder containing samples can be explained 

by the decreasing of autogenous shrinkage. It has been identified that the small addition 

of supplementary cementitious materials, for example, GGBS and FA, can increase the 

volume of large pores, then induce a lower capillary pressure; eventually, the 

autogenous shrinkage can be mitigated (Cheah and Ramli, 2012; Ghafari et al., 2016).  

Table 3.5 Drying shrinkage and mesopore volume 

 RH GP10-H GP30-H GP60-H RN GP10-N GP30-N GP60-N 

Drying 

shrinkage 

(×10-6) 330 322 347 656 778 725 781 922 

Mesopore 

volume 

(mm3/g) 
14.37 14.23 14.12 21.27 32.57 36.46 43.17 49.9 

It is believed that the pore size distribution is related to the drying shrinkage behaviour 

(Juenger and Jennings, 2002), especially for the mesopore volume (Collins and 

Sanjayan, 2000). Table 3.5 illustrates the total drying shrinkage and mesopore volume 

from the N2 adsorption test. The drying shrinkage of high strength samples shows a 

positive correlation with the mesopore volume. High volume waste glass incorporation 

in high strength sample induces higher mesopore volume, which also shows higher 

drying shrinkage among all samples. The high volume of mesopore results in a high 

capillary pressure, consequently, a high drying shrinkage can be induced, this is also 

confirmed in a previous study (Collins and Sanjayan, 2000). Moreover, from the EDX 

results of high volume waste glass containing samples, it can be concluded that high 

volume waste glass incorporation can result in a low Ca/Si and high (Na+K)/Si. The 

decreasing Ca/Si ratio usually increases the porosity of C-S-H, as well as a high drying 
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shrinkage, this is also observed in the study of Gao (Gao et al., 2016). 

In addition, when a high amount of recycled waste glass is applied in the mortar, the 

lower cement content results in a low content of bound water, which means more 

evaporable water is present; on the other hand, the reduction of cement cannot produce 

enough calcium hydroxide for the pozzolanic reaction of glass powder, which produces 

a lower amount of C-S-H gel. As a consequence, the water loss of samples containing 

high dosage recycled waste glass in dry air condition also contributes to the high total 

drying shrinkage  

 Strength properties 

The compressive strength of mortars containing various amount of recycled waste glass 

were measured after 7 days, 28 days, 56 days and 90 days curing and the results are 

shown in Fig. 3.18.  
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(a)                                     (b) 

Figure 3.18 Compressive strength of (a) high strength mortars and (b) normal strength mortars in 

different curing ages 

It can be seen in Fig. 3.18 (a) that the high strength mortars containing 0%, 10%, 30% 

and 60% glass powder as cement replacement present compressive strength of 115 MPa, 

104.3 MPa, 106 MPa and 99.07 MPa, respectively, after 90 days curing. In the early 

age, the sample containing 60% recycled waste glass shows a relatively low early 

compressive strength at 7 days with 60.78 MPa compared with 92.47 MPa, 87.69 MPa 

and 89.69 MPa for samples incorporating 0%, 10% and 30% recycled waste glass. This 

indicates that the sample containing 60% recycled waste glass exhibits higher strength 

increasing rate during the curing period than other samples.  

The compressive strength of the normal strength series mortars are shown in Fig. 3.18 

(b); it is clear that the addition of waste glass significantly decreases the compressive 

strength with the increasing of the glass powder amount at all curing period. The 
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reference, 10%, 30% and 60% recycled waste glass containing samples show 44.9 MPa, 

38.15 MPa, 33.6 MPa and 19.11 MPa, respectively, at the early age (7 days curing). 

After 90 days of curing, the normal strength reference achieves the compressive 

strength of 56.73 MPa, while 32.58 MPa is reached by the sample containing 60% 

recycled waste glass. High volume glass powder results in a more significant strength 

loss at early ages compared to the reference sample and samples containing low dosage 

of recycled waste glass. 

Table 3.6 Increasing and relative strength contribution index 

 
Strength contribution IGP Strength increase from 7 days (Mpa) 

Sample ID 7 days 28 days 56 days 90 days 28 days 56 days 90 days 

R-H 0.0% 0.0% 0.0% 0.0% 6.85 18.35 22.53 

GP10-H 5.4% 12.9% 4.1% 0.8% 13.26 16.11 16.59 

GP30-H 38.6% 41.3% 24.4% 31.7% 8.52 6.85 16.36 

GP60-H 64.3% 102.4% 107.4% 115.4% 19.64 31.16 38.29 

R-N 0.0% 0.0% 0.0% 0.0% 7.06 14.34 11.83 

GP10-N -5.6% 4.1% -0.2% 1.3% 10.55 15.05 13.56 

GP30-N 6.9% 26.2% 17.4% 30.9% 12.30 15.09 18.39 

GP60-N 6.4% 30.2% 30.8% 43.6% 7.96 11.89 13.48 

To compare and estimate the strength activity degree of the different amount of recycled 

waste glass in high strength and normal strength mortars, the relative strength 

contribution index by addition of recycled waste glass is calculated as the following 

equation, 

𝐼𝐺𝑃 =
𝑓𝑐−𝑓𝑟𝑒𝑓×(1−𝑅)

𝑓𝑟𝑒𝑓×(1−𝑅)
× 100%                                                  (3.2) 

𝑓𝑐 − 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑚𝑜𝑟𝑡𝑎𝑟𝑠 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑 𝑤𝑎𝑠𝑡𝑒 𝑔𝑙𝑎𝑠𝑠 

𝑓𝑟𝑒𝑓 − 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑝𝑙𝑎𝑖𝑛 𝑐𝑒𝑚𝑒𝑛𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 

𝑅 − 𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 

The strength contribution index and strength increase from 7 days are illustrated in 

Table 3.6. It is clear that the increase of recycled waste glass proportion induces higher 

strength contribution index during all ages. For samples containing high volume 

recycled waste glass, the strength contribution index are higher compared to other 

samples. After 90 days curing, samples containing low dosage recycled waste glass 

show a strength contribution index less than 31.7%, while 43.6% and 115.4% for GP60-

N and GP60-H, respectively. Apparently, high volume recycled waste glass contributes 

higher strength activity to high strength sample during all ages. The results of strength 

increase from 7 days also indicate that GP-60H exhibits the highest strength 
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development among all samples after 90 days of curing by 38.29 MPa. The mineral 

addition in binder system usually induces two effects on strength development, they are 

pozzolanic reaction effect and filler effect, such as the addition of silica fume, rice husk 

ash and quartz powder (Dembovska et al., 2017; Schwarz and Neithalath, 2008). The 

secondary products from the pozzolanic reaction can reduce the CH content and results 

in small CH crystals, which refines the pore and produces less harmful voids. From the 

results of CH content change in Table 3.4, it is clear that the pozzolanic reaction of 

recycled waste glass is more significant in normal strength samples than high strength 

samples, which means more secondary C-S-H can be produced in normal strength 

samples containing same dosage of recycled waste glass. However, high volume 

recycled waste glass presents a significantly higher strength contribution index in the 

high strength sample. This indicates that another factor-filler effect- may be the main 

reason for the better performance of high strength sample containing high volume waste 

glass. In addition, the results of N2 adsorption also indicates that normal strength 

samples have a higher porosity microstructure compared to the high strength sample 

containing waste glass. The denser microstructure of high strength sample containing 

high volume waste glass also identifies the more significant filler effect. In Isaia’s study, 

a less pozzolanic reaction and more significant filler effect was observed in higher 

strength mixtures incorporating pozzolanic materials (Isaia et al., 2003), which is also 

accorded with the results in this paper. These all explain the better performance of high 

volume recycled waste glass in high strength mortars. 

3.4 Conclusions 

1. Increasing the amount of recycled waste glass from 0% to 60% increases the 

flowability of fresh mortar containing a same superplasticizer amount. Samples 

containing recycled waste glass have longer initial setting time and final setting times. 

2. The addition of a constant dosage of superplasticizer results in a longer delay of 

hydration with higher waste glass dosage in high strength mixtures. 

3. High strength mortar containing high volumes of recycled waste glass exhibits a 

better strength performance (99 MPa) than normal strength mortar (20 MPa) with the 

same dosage of recycled waste glass after 90 days. A low early age strength (60 MPa at 

7 days) can be observed in high volume waste glass mortars. The addition of recycled 

waste glass results in less strength loss in high strength mortars, at the same time, can 

result in higher drying shrinkage compared to the plain sample and samples containing 

low volume of recycled waste glass.  
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4. The addition of recycled waste glass shows no significant influence on the total gel 

volume of high strength samples by using N2 absorption test, but induces the increase 

of total gel porosity in normal strength samples. The addition of high volumes of 

recycled waste glass results in less pore porosity between 0-5 nm and higher pore 

volume between 10-50 nm of blended samples compared to the plain sample. 

5. High strength mortar containing high volume recycled waste glass shows a denser 

microstructure than the plain sample. Normal strength mortars containing high volume 

of recycled waste glass exhibits a loose packing of microstructure compared with the 

normal plain sample. A low Ca/Si and high (Na+K)/Ca C-S-H gel is observed in high 

volume recycled glass containing samples. 
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Chapter 4 Characterization and performance of high 

volume recycled waste glass and ground granulated blast 

furnace slag or fly ash blended mortars 

 

 

 

 

Combining various SCMs properly in cement blends can result in a superior mechanical 

or durability performance. This chapter illustrates the application of recycled waste 

glass powder in high volume (60%) of ground granulated blast furnace slag (GGBS) or 

fly ash blended cement binder. The hydration kinetics, hydration products of the 

different binder systems were studied by calorimetric and X-ray diffraction test. To 

investigate the microstructure properties of bended binders modified by glass powder, 

the mercury intrusion porosimetry test and scanning electron microscopy were 

conducted. The resistance to chloride penetration was evaluated by the rapid chloride 

migration test. The incorporation of recycled waste glass in slag or fly ash blended 

cement improves the intensity of heat flow peak while decreasing the duration of the 

induction period. The addition of recycled waste glass in GGBS or fly ash blended 

cement promotes the consumption of calcium hydroxide. Consequently, a densification 

effect on the capillary pores (10-100 nm) and the total porosity of waste glass containing 

ternary binders were observed. From the SEM analysis, a dense microstructure and inter 

transition zones can be found in recycled waste glass blended samples. The waste glass 

powder modified slag or fly ash blended mortars exhibit a significant enhancement of 

resistance to chloride migration. Furthermore, a synergistic effect on the mechanical 

performance of large volume GGBS blended mortars containing recycled waste glass 

was identified, which presented the highest compressive strength among all waste 

blended samples. 

 

 

This part is partially published elsewhere: 

G. Liu, M.V.A. Florea, H.J.H. Brouwers. Characterization and performance of high volume recycled 

waste glass and ground granulated blast furnace slag or fly ash blended mortars. Journal of Cleaner 

Production, 2019, Volume 235, Page 461-472.  
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4.1 Introduction 

The application of GGBS and fly ash as SCMs in concrete has attracted more focus for 

the purpose of CO2 reduction and sustainable application of industrial by-products in 

the past decades (Crossin, 2015). Generally, a low replacement ratio of cement by 

GGBS or fly ash can significantly enhance the compressive strength compared to plain 

cement. In addition, the microstructural densification of blended concrete is observed 

due to the products of pozzolanic reaction, and low permeability can be achieved 

(Häkkinen, 1993; Leng et al., 2000). Regarding hydraulic and pozzolanic activity of 

GGBS in concrete (Bijen, 1996; Bouikni et al., 2009; Chen and Brouwers, 2007), many 

studies investigated various replacement ratios of GGBS in concrete production from a 

low level (10%-30%) to high level (50%-80%) with less strength reduction in early age 

compared to OPC (Mo et al., 2015). Compared to GGBS, fly ash exhibits a lower 

reactivity in concrete. The high volume fly ash blended cement usually shows a lower 

mechanical performance at the early age (Kurda et al., 2018; Rashad, 2015) and a 

poorer resistance for chloride migration than the low replacement level sample (Ranjbar 

et al., 2016). In some studies, combining fly ash and GGBS resulted in a superior 

mechanical performance and durability compared to applying these materials alone 

(Gholampour and Ozbakkaloglu, 2017; Rashad, 2015). However, in some cases with 

high replacement ratio, the total pore volume increased compared to plain cement 

samples, and as a consequence, a decrease of compressive strength was observed 

(Kayali and Sharfuddin Ahmed, 2013; Zeng et al., 2012). Fine glass particles exhibited 

a higher pozzolanic activity than that of fly ash (Schwarz and Neithalath, 2008). 

However, the high volume addition of waste glass in cementitious system still shows a 

poor mechanical performance even if it can reach a comparable strength to OPC after 

1 year (Du and Tan, 2017). Unlike GGBS and fly ash, there is a limited research related 

to large volume addition of waste glass as a binder in concrete (Du and Tan, 2014; Liu 

et al., 2019).  

In addition, reports of combining waste glass powder with slag or fly ash are rare. The 

waste glass addition can improve the mechanical performance of high volume fly ash 

blended concrete (Siad et al., 2018). In addition, an improvement of the mechnical 

properties of GGBS concrete containing recycled waste glass powder also was reported 

(Ramakrishnan et al., 2017). These limited studies indicate that the combined 

application of recycled waste glass with other SCMs is beneficial for the concrete 

performance. However, the modification mechanism and durability performance of 

waste glass powder blended ternary cement binders are still not clear. To optimize the 

performance of sustainable concrete containing recycled waste glass, GGBS and fly ash 
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as binders, many related aspects, such as hydration kinetics, durability performance, 

and microstructure characterization need further study. 

In Chapter 3, recycled waste glass is studied in the manufacturing of sustainable mortars 

combined with commercial CEM III (slag cement). In this chapter, recycled waste glass 

is combined with other SCMs, for example GGBS and fly ash. This chapter includes a 

comparative evaluation of the mechanical performance, resistance for rapid chloride 

migration and microstructure between different binary mortars containing recycled 

waste glass, GGBS or fly ash. The aim is to optimize the large volume application by 

combining recycled waste glass with GGBS and fly ash in concrete. 

4.2 Materials and methods 

4.2.1 Materials 

The cement in this study was CEM I 52.5 R which produced by ENCI, Netherlands. 

The recycled waste glass powder, ground granulated furnace slag (GGBS), and fly ash 

were selected as the SCMs in this study. The recycled mixed color glass fractions 

supplied by a glass recycling plant were grounded into powder by ball milling. Ground 

granulated blast furnace slag (GGBS) was provided by ENCI. The fly ash was provided 

by Vliegasunie, the Netherlands. The chemical composition of raw materials are shown 

in Table 4.1 and the mineral composition of materials are exhibited in Fig. 4.1. The d50 

particle size of cement, waste glass powder, GGBS, and fly ash were 8.08 μm, 10.97 

μm, 19.38 μm and 23.27 μm respectively. The particle size distribution of raw materials 

are shown in Fig. 4.2.  

5 10 15 20 25 30 35 40 45 50 55 60 65

2

1 1

1

1

1
1

1

1

1
1

1

1
2

23

4

4

4 4 4 4

5 5
5 5 5 5

Cement

Fly ash

Recycled waste glass

GGBS

 

Figure 4.1 XRD of materials (1-C3S+C2S, 2-CaSO4, 3-CAF, 4- quartz, 5- mullite) 
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Table 4.1. Chemical composition and physical properties of cement, waste glass, GGBS and fly ash 

Chemical 

composition 

CEM I 52.5 R 

(%) 

Waste glass 

(%) 

GGBS 

(%) 

Fly ash  

(%) 

Na2O / 14.65 / / 

MgO 1.71 1.30 8.57 1.14 

Al2O3 3.79 1.93 13.21 26.98 

SiO2 16.19 68.33 29.41 51.44 

SO3 4.05 0.086 2.64 1.12 

K2O 0.19 0.70 0.42 1.84 

CaO 67.97 11.90 42.67 5.83 

TiO2 0.28 0.062 1.49 1.78 

Cr2O3 0.01 0.12 0.001 0.034 

MnO 0.094 0.022 0.40 0.057 

Fe2O3 3.59 0.36 0.37 8.27 

ZnO 0.1 0.009 / 0.022 

BaO 0.005 0.061 0.08 / 

PbO 0.005 0.05 / 0.009 

P2O5 0.42 / / 0.849 

Cl 

LOI 

Specific 

density 

(g/cm3) 

Specific 

surface area 

(m2/g) 

0.041 

0.72 

3.10 

 

 

1.004 

 

 

0.019 

1.34 

2.51 

 

 

0.992 

 

 

0.011 

1.15 

2.93 

 

 

0.365 

 

 

/ 

2.27 

2.30 

 

 

0.815 

 

 

4.2.2 Methods 

 Mortars preparation 

The mixtures design of mortars is shown in Table 4.2. The different binders were mixed 

with water and sand by a Hobart mixer. Then the fresh mortars were filled into the 

plastic mould of 40 mm × 40 mm × 160 mm and vibrated for 60 s and covered with the 

plastic film for 24 hours. After that, the prisms were demoulded and covered by plastic 

film for ambient curing until further testing. 

 Raw material characterization 

The characterization of raw materials and hydration products have been described in 

Chapter 2.2.2.  
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Figure 4.2 PSD of applied materials 

Table 4.2. Mixture design of mortars 

Sample 

ID 

Cement 

 

(%) 

Fly ash 

 

(%) 

GGBS 

 

(%) 

Glass 

powder 

(%) 

w/b Sand/binder  

OPC 100 0 0 0 0.5 2.5 Reference 

G60 40 0 0 60 0.5 2.5  

Binary 

sample 

S60 40 0 60 0 0.5 2.5 

F60 40 60 0 0 0.5 2.5 

S10G50 40 0 10 50 0.5 2.5  

 

Ternary 

sample 

S30G30 40 0 30 30 0.5 2.5 

S50G10 40 0 50 10 0.5 2.5 

F10G50 40 10 0 50 0.5 2.5 

F30G30 40 30 0 30 0.5 2.5 

F50G10 40 50 0 10 0.5 2.5 

 Fresh behaviour and mechanical properties 

The slump-flow test, density, compressive strength of mortars have been described in 

Chapter 3.2.2. 

 Rapid chloride migration test 

Cylindrical cores with a diameter of 100 mm were cut from the cubes after 91 days 

curing. Then the cylindrical cores were sliced into specimens with 50 mm height for 

the RCM test. Before the test, each sample was vacuumed and saturated with lime water. 

The vacuum-saturation was conducted as follows: specimens were placed in a 

desiccator connected to a vacuum pump, then pressure was kept constant at 40 mbar 

for 3 hours. After that the lime water was filled in the desiccator slowly until the 

specimens were immersed completely. After this, the vacuum was maintained for one 

more hour, then turned off and the drilled cores were kept in solution for 18 hours. The 

equipment for RCM test is shown as Fig.4.3. A 0.3 M NaOH solution and the 10% (wt.) 
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NaCl solution were prepared .The voltage of the test used in this study was selected 

according to the previous research (Spiesz and Brouwers, 2012). The DRCM (chloride 

diffusion coefficient) was calculated by the equation: 

𝐷𝑅𝐶𝑀 =
𝑅𝑇𝐿

𝑧𝐹(𝑈−2)
×

𝑥𝑑−𝛼√𝑥𝑑

𝑡𝑅𝐶𝑀
                                                    (4.1) 

𝛼 = 2√
𝑅𝑇𝐿

𝑧𝐹(𝑈−2)
× 𝑒𝑟𝑓−1(1 −

2𝑐𝑑

𝑐0
)                                             (4.2) 

R-universal gas constant (8.314 Jmol-1K-1), T-temperature (293 K), L-thickness of the 

sample (0.05 m), U  -applied external voltage (V), z  - ion valance, F -Faraday 

constant (96.485 C/mol), xd -average chloride penetration depth, α -laboratory 

constant, tRCM -duration of the test, erf −1 -inverse of error function, cd -chloride 

concentration at which the colour changes (0.07 N), c0-chloride concentration in the 

catholyte solution (2 N) . 

 

Figure 4.3 Sketch representation of RCM test (Spiesz and Brouwers, 2012) 

 Mercury intrusion porosimetry 

The mercury intrusion porosimetry (Micromeritics) was conducted to study the pore 

size distribution of mortars. The mortars after 90 days curing were crushed into small 

fractions (2 mm-4 mm) for analysis. The intrusion pressure is from 0 to 227 MPa. 
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4.3 Results and discussion 

4.3.1 Fresh properties and density of blended mortars 
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Figure 4.4 Slump-flow of mixtures              Figure 4.5 Density of mixtures 

The slump-flow results of fresh blended mortars are shown in Fig. 4.4. It is observed 

that the fresh plain sample (OPC) presents a slump flow of 20 cm; when 60% cement 

was replaced by fly ash, slag, or waste glass powder, the slump flow was 23.25 cm, 

21.85 cm, and 20 cm, respectively. Samples containing a combination of recycled waste 

glass powder and fly ash show a decreasing slump flow with the increase of the glass 

powder proportion, as well as the samples containing the combination of recycled waste 

glass powder and GGBS. The high surface area and fine particle size of waste glass 

powder (as shown in Table 4.1 and Fig. 4.2) induced a higher water absorption 

compared to fly ash and GGBS, and as a consequence, a low flowability was observed. 

It can be seen from Fig. 5.5 that the mortar containing 60% slag (S60) shows the highest 

density, while the sample incorporating fly ash (F60) presents higher density than the 

waste glass powder sample (G60). Fly ash exhibits a lower specific density and specific 

surface area than the recycled waste glass powder. However, due to its spherical shape, 

fly ash contributes to a better compactibility and therefore particle packing, as a result, 

increasing the density of the mortar. For the waste glass containing GGBS or fly ash 

blended samples, the increase of waste glass amount results in a lower density; however, 

10% of waste glass powder containing ternary mortars shows an enhancement on the 

density of samples compared to using fly ash and slag only. This indicates that 10% of 

recycled waste glass powder results in an improvement on packing of mortars 

containing GGBS or fly ash.  
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4.3.2 Hydration behaviour and production of blended cement 

 Hydration behaviour 
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(c) 

Figure 4.6 Heat rate development of different mixtures (a) binary binders, (b) OPC-waste glass-fly ash 

ternary binders and (c) OPC-waste glass-GGBS ternary binders 

The reaction heat development of various pastes during the early hydration period are 

shown in Fig. 4.6. It can be seen in Fig. 4.6 (a) that all binary binders (G60, S60 and 

F60) show two main peaks of heat flow, and the intensity of these peaks are relatively 

low compared to the OPC sample.  

The 60% of recycled waste glass powder binder (G60) takes a shorter duration to reach 

the first heat flow peak by 0.7 h, and the high volume fly ash prolongs the duration of 

induction period in comparison with OPC. It is reported that the fly ash can remove the 

calcium ions from the pore solution, so, the concentration of calcium becomes lower in 

the first hours, and the formation of calcium hydroxide and C-S-H is delayed, therefore 

the hydration is retarded (Jun-yuan et al., 1984; Ogawa et al., 1980; Plowman and 

Cabrera, 1984). Generally, the first heat flow peak of blended cement is induced by the 

reaction of C3S and the following shoulder relates to the transfer of AFt to AFm 

(Mostafa and Brown, 2005). Apparently, the G60 exhibits a higher reactive intensity, 
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featuring higher and earlier peaks compared to high volume GGBS and fly ash binary 

samples. Fine glass particles have been observed providing the additional Si and sodium 

source due to the amorphous structure of silica (Shi et al., 2005). As a consequence, a 

shorter induction period and higher reaction intensity in large volume waste glass 

powder binder (G60) can be observed by the increasing alkali and silica in pore solution 

(Nocuò-Wczelik, 1999).  

In the heat flow result of OPC-fly ash-waste glass ternary samples, the heat generation 

of different samples is controlled by the different fly ash/waste glass proportion as 

shown in Fig. 4.6 (b). With the increase of the waste glass/fly ash ratio, the reaction rate 

and intensity are all enhanced. The lower waste glass/fly ash ratio is related to the longer 

induction period. The increasing proportion of waste glass powder decreases the 

retardation effect caused by fly ash. This improvement is probably induced by the 

acceleration effect of glass powder as shown above and the reduction of fly ash content.  

The heat flow of OPC-GGBS-waste glass ternary binders are shown in Fig. 4.6 (c).  

The incorporation of glass powder reduces the time to reach the first heat flow peak. 

The increase of glass powder/GGBS proportion increases the reaction intensity of heat 

flow slightly.  

 Hydration products characterization 

The hydration products of mixtures identified by XRD after 91 days are exhibited in 

Fig. 4.7 (a)-(c). Samples with different proportions of waste glass powder, GGBS and 

fly ash show different compounds and peaks. When waste glass, GGBS and fly ash are 

used individually as 60% cement replacement in samples, all binary mixtures show 

weak peaks of calcium hydroxide compared to the reference sample (OPC). Among the 

blended samples, G60 exhibits the lowest peaks of calcium hydroxide. Meanwhile, a 

significant and wide peak can be found around 34°, which is induced by the poorly 

ordered C-S-H (Garbev et al., 2008). The S60, F60, and OPC all present distinguishable 

peaks of ettringite, contrary to G60. In addition, the peaks of hydrotalcite are observed 

just in F60 and S60, which is a typical product during the reaction of GGBS and fly ash 

under alkali activation (Oh et al., 2010; Puertas and Fernández-Jiménez, 2003; Song 

and Jennings, 1999).  
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Figure 4.7 XRD patterns of samples after 91 days curing (a) OPC and binary samples (b) cement-

recycled waste glass-GGBS samples (c) cement-recycled waste glass-fly ash samples (1-CH, 2-C-S-H, 

3-Ettringite, 4-Quartz, 5-Mulite, 6-Hydrotalcite, 7-Dicalcium silicate, 8-Dolomite) 
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Figure 4.8 Calcium hydroxide content of different mixtures after 7 days and 91 days 

After the waste glass powder was incorporated with GGBS or fly ash, the peaks 

correspond to C-S-H are wider and more intense with higher waste glass powder 

amount in ternary systems; moreover, the intensity of calcium hydroxide peaks decrease 

significantly. The GGBS and fly ash ternary binders containing recycled waste glass 

powder show a significant influence on the residual calcium hydroxide of mixtures after 
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91 days. As the results illustrate in Fig. 4.8, 60% recycled waste glass powder sample 

(G60) exhibits the lowest CH content compared to high volume of GGBS (S60) or fly 

ash samples (F60). Compared to the CH in mixtures after 7 days curing, the higher 

proportion of recycled waste glass powder in binders is related to more CH reduction. 

It can be seen that the higher waste glass powder proportion enhances the consumption 

of CH from cement hydration, which is due to the pozzolanic reaction of SiO2 from the 

glass particles. Meanwhile, the increase of SiO2 content in samples results in a lower 

Ca/Si ratio, leading to a poorly crystallized C-S-H (Garbev et al., 2008; Kumar et al., 

2017), which shows a wild hump peak in X-ray diffraction. 

4.3.3 Microstructure characterization of blended cement mortars 

 Pore structure 

Fig. 4.9 (a) shows the cumulative pore volume of mortars containing 60% waste glass 

powder (G60), fly ash (F60) and slag (S60) compared with the plain cement sample 

(OPC). The large pore (> 1000 nm) only contributes to a limited pore volume, the 

contribution of smaller pore (< 1000 nm) increases quickly. High volume fly ash mortar 

shows the highest total pore volume compared with other samples. This is due to the 

slow pozzolanic reaction of fly ash particles (Yu and Ye, 2013; Zeng et al., 2012). Also 

the high volume of GGBS sample presents a higher porosity than the OPC, which can 

also be found in related studies (Li et al., 2014, 2010; Moon et al., 2006). On the 

contrary, the mortar (G60) shows a reduction of its total pore volume compared to the 

OPC sample, which indicates 60% of recycled waste glass powder results in no negative 

effect on the pore volume of mortar.  

The cumulative pore volume of combining waste glass powder with fly ash or GGBS 

are shown in Fig. 4.9 (b) and Fig. 4.9 (c). It is interesting to notice the higher amount 

of recycled waste glass powder in ternary binders enhances pore volume of cement-

GGBS-recycled waste glass powder mortars but decreases the total pore volume of 

cement-fly ash-recycled waste glass powder samples. However, all ternary binder 

mortars still show a lower pore volume compared to the sample containing high volume 

GGBS or fly ash alone. This indicates a synergistic effect on total pore volume 

reduction was induced by the incorporation of waste glass powder with GGBS or fly 

ash. 
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(c) 

Figure 4.9 Total pore volume results (a) OPC and binary samples (b) OPC-GGBS-waste glass samples 

(c) OPC-fly ash-waste glass samples 

Generally, a limited addition of GGBS and fly ash is helpful for reducing of the concrete 

porosity (Leng et al., 2000; Zuquan et al., 2007). However, the high volume SCMs in 

concrete results in higher total porosity and a limited improvement of durability (Zeng 

et al., 2012), and even the deterioration of mechanical performance of concrete (Kim 

and Lee, 2013). In the present study, 60% fly ash and 60% GGBS binary samples show 

higher porosity than the OPC, which also agrees with other studies (Gholampour and 

Ozbakkaloglu, 2017). Nevertheless, when the recycled waste glass is incorporated, 

some samples exhibit a reduction of porosity compared to OPC, for example, all 

cement-GGBS-recycled waste glass binder specimens and F10G50. This indicates that 

recycled waste glass powder not only exhibits less deterioration in total porosity but 

also shows a synergistic effect with GGBS and fly ash on the improvement 

microstructure of concrete. The porosity reduction of blended concrete can be induced 

by several effects, among which the pore refinement by the C-S-H of the pozzolanic 

reaction. The products from the pozzolanic reaction gradually fills the volume of voids 

and contributes to the concrete strength. Another is the micro filler-effect: when the CH 

from cement hydration is insufficient for the reaction of the large volume pozzolanic 

materials, some unreacted particles can be the micro-filler in voids. These particles 
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block the connection between pores as micro-aggregates and induce an effect on water 

penetration and ion transportation (Wongkeo et al., 2014). Furthermore, since the 

pozzolanic materials show different particle size and morphology, a specific mix design 

can introduce a dense packing for concrete, which presents a denser microstructure and 

a better mechanical performance (Brouwers, 2016). 
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(c) 

Figure 4.10 Pore size distribution of different samples (a) OPC and binary samples (b) OPC-GGBS-

waste glass samples (c) OPC-fly ash-waste glass samples 

The pore size distribution of mortars containing 60% recycled waste glass powder 

(G60), GGBS (S60), fly ash (F60) and the plain sample (OPC) are shown in Fig. 4.10 

(a). It can be seen that the OPC shows a main peak and continuous pore distribution, 

and F60 exhibits a similar shape of pore size distribution as OPC, but a higher volume 

of pores less than 10 nm, and a small second peak between 10 nm – 100 nm. For the 

sample G60 and S60, two clear peaks can be found from results, the first peak is located 

in the range of 10 nm – 100 nm and the second peak around 1000 nm. 

Fig. 4.10 (b) exhibits the pore size distribution curves of combining waste glass powder 

and GGBS with different proportions in mortars. The different recycled waste 

glass/GGBS ratio induces variation in the peak location and pore volume. The sample 
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containing waste glass powder and GGBS with a proportion of 5:1 shows a higher and 

significant peak around 1000 nm compared to samples with waste glass/GGBS of 3:3 

and 1:5. When recycled waste glass powder and fly ash were used together, the change 

of the pore volume around 40 nm and another peak around 1000 nm can be found as 

shown in Fig. 4.10 (c). All samples show the similar shape of a peak around 40 nm, 

especially, F50G10 shows the highest peak here. After a higher waste glass powder 

proportion was conducted, this peak turns into weaker. These indicate that the 

increasing proportion of waste glass powder can reduce the pore volume around 40 nm. 

From the other side, the increase of waste glass powder amount enhances the pore 

volume from 100 nm to 1000 nm. 

 SEM 

    

(a)                                      (b) 

     

(c)                                      (d) 

  

(e) 

Figure 4.11 SEM images of (a) G60, (b) S60, (c) F60, (d) S30G30 and (e) F30G30 (left ×8000, 

right×1000)  

Fig. 4.11 presents the microstructure of different mortars. The left side is related to the 

pastes, while the right side is related to polished mortar samples. The improvement of 

the microstructure of pozzolanic materials blended concrete has been addressed in may 
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studies (Li and Zhao, 2003; Shayan and Xu, 2006; Zong et al., 2014). As shown in Fig. 

4.11 (a), a dense structure is observed in the sample G60. The small amount of cubes 

in the red circle are corresponded to the residual calcium hydroxide (Li and Zhao, 2003). 

In the case of high volume addition of waste glass powder, there are micro crack and 

an aggregation of unreacted glass particles, which are located between sand particles. 

This may relate to the higher porosity around 1000 nm. In addition, a thick ITZ is 

presented between the aggregate and the matrix, and a dense ITZ can also be found in 

high volume of GGBS sample as shown in Fig. 4.11 (b). In Fig. 4.11 (c), the unreacted 

fly ash sphere is covered by the loosely packed matrix, and a number of large calcium 

hydroxide crystals can be clearly identified. Compared to the other samples, the high 

volume fly ash sample presents a porous structure of polished mortar sample. The larger 

calcium hydroxide crystal size and porous microstructure of high volume fly ash sample 

are responsible for the high DRCM. This increase in calcium hydroxide crystal size in fly 

ash blended cement was also observed in Hu’s study (Hu, 2014). When the recycled 

waste glass powder is incorporated with GGBS or fly ash, a denser microstructure is 

clearly exhibited as shown in Fig. 4.11 (d) and (e). In addition, a better compacting ITZ 

indicates that an improvement of microstructure occurred after the incorporation of 

recycled waste glass powder. 

4.3.4 Rapid chloride migration of blended cement mortars 
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Figure 4.12 Rapid chloride migration coefficient of mortars 

The results of rapid chloride migration of different mortars (aged 91 days) are shown 

in Fig. 4.12. The plain OPC mortar shows the highest DRCM among all samples. For 

binary binder samples, after cement was replaced by the high volume of recycled waste 

glass, GGBS or fly ash, these samples (G60, S60 and F60) all show a lower DRCM 

compared to the OPC. Especially for the G60 and S60, the DRCM are reduced 

dramatically by 95% and 83.5%, respectively. At the same time, the DRCM of the 

specimen incorporating high volume of fly ash (F60) only shows a reduction of 18.1% 
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compared to the OPC. The incorporation of 60% recycled waste glass provides an 

excellent resistance to chloride migration compared to the GGBS and fly ash samples. 

In ternary binders, combining use recycled waste glass with GGBS or fly ash also 

exhibit better performance than only using GGBS or fly ash. In addition, it is interesting 

to notice that when the recycled waste glass is combined with fly ash in binders, the 

DRCM presents a significant reduction with the increased amount of recycled waste glass. 
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Figure 4.13 The correlation between recycled waste glass content and rapid chloride migration 

coefficient 

The relationship between recycled waste glass content and rapid chloride migration 

coefficient in two different ternary binder is illustrated in Fig. 4.13. With the increase 

of the recycled waste glass amount in binders, cement-fly ash-recycled waste glass 

mixtures exhibit a drastic drop of DRCM. At the same time, the reduction of DRCM for 

OPC-GGBS-recycled waste glass mortars with increasing glass powder content is 

limited. This indicates that the incorporation of waste glass powder in fly ash blended 

mixtures present a more significant improvement of resistance to chloride migration 

than in GGBS blended mixtures. Generally, the interfacial transition zone (ITZ) of OPC 

concrete is rich in calcium hydroxide, which is the weak area in concrete for ion 

transportation. The addition of pozzolanic material consumes CH and then provides a 

dense ITZ, which is beneficial for the concrete. Furthermore, the RCM test is based on 

the electric conductivity method, which can be affected by the conductivity of the 

concrete pore solution. Meanwhile, the ion dosage in the pore solution depends on the 

chemical composition of different binder systems. For example, in concrete containing 

pozzolanic materials, the change of chemical composition can be induced by the 

consumption of calcium hydroxide during pozzolanic reaction (Jain and Neithalath, 

2010). As shown in Fig. 8, the increase of waste glass powder proportion in blended 

binders results in a decrease of calcium hydroxide content after 91 days, which is 

accompanied by the reduction of DRCM. 
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However, when comparing CH contents in GGBS ternary binders and fly ash ternary 

binders, it can be observed that although the GGBS ternary binders exhibit a higher CH 

content, it still presents a lower DRCM compared to fly ash ternary binders. High volume 

fly ash sample (F60) shows a lower CH content compared to the high volume slag 

sample (S60), but a significantly higher DRCM. This may be induced by the different 

microstructure of mixtures, for example, pore size structures, which will be discussed 

in the following. 

The difference of pore size distributions can result in the observed variation in the 

chloride migration. It has been identified that using SCMs in concrete cause changes in 

concrete pore structure, which result in different resistance to chloride penetration (Liu 

et al., 2017; Shi, 2004; Zong et al., 2014). The previous research shows that the pore 

between 10-100 nm is mostly related to the coefficient of rapid chloride migration. The 

relationship between the volume of the capillary pores and the transport property of 

concrete has been addressed in many studies (Yu et al., 2017; Yu and Ye, 2013). For 

example, in Wu’s study about microstructure and ITZ of blended cement, a reduction 

of chloride transport correlated with the decrease of the pore volume between 10-100 

nm (Wu et al., 2016), which is also in agreement with the present data. As described in 

microstructure-property on pozzolan-containing concrete by Paiva et al., the pozzolanic 

reaction occurred inside the capillary pores, as a consequence, a densification of micro 

pores was observed by the results of MIP (Paiva et al., 2017). This conclusion also 

supports the MIP results as previously discussed.  

In this study, the G60 shows a great modified effect on mixtures microstructure. An 

obvious densification has been exhibited by MIP results. It is interesting to notice that 

the G60 shows a similar pore size distribution as the S60. This indicates that the 

addition of 60% of waste glass particles has a potential to build similar microstructure 

as GGBS in concrete. On the contrary, although the 60% fly ash mortar exhibits a lower 

DRCM than OPC, it displays an analogous pore size distribution curve to the OPC mortar. 

The reduction of DRCM of high volume fly ash containing sample is mainly due to the 

decrease of electrical conductivity caused by lower the alkalinity of the pore solution 

of concrete compared to OPC sample, which is related to the reduction of alkaline ions 

and hydroxyl ions (Shehata et al., 1999). In addition, due to the alumina rich in fly ash 

blended cement, the Friedel’s salt formation during test also contributes to the 

enhancement of the chloride binding capacity (Jain and Neithalath, 2010).  

4.3.5 Mechanical performance of blended cement mortars 

The compressive strength of mortars is shown in Table 4.4. High volume of glass 

powder, GGBS, and fly ash in binary binders result in different compressive strength at 
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various ages. It is clear that the plain mortar (OPC) exhibits the higher compressive 

strength at early age and late age than the sample containing 60% glass powder, GGBS 

or fly ash. The best mechanical performance of mortar in binary binder system after 91 

days curing is presented by G60, which is higher than the slag sample (S60) by 10.4% 

and the fly ash sample (F60) by 18%. However, the glass powder sample presents a 

poor mechanical performance at early ages, such as 7 days, compared to other 

specimens. The compressive strength of G60 after 7 days curing shows a reduction of 

47% and 26.4% compared to S60 and F60, respectively. However, the poor strength 

performance of G60 is improved significantly after prolonged curing . For example, 

after 56 days, the strength of G60 is higher than that of S60 and F60. 

Table 4.4 Strength performance of mortars 

Sample Flexural strength (MPa) Compressive strength (MPa) 

7 

days 

28 

days 

56 

days 

91 

days 

7  

days 

28 

days 

56 

days 

91 

days 

OPC 6.74 7.60 8.39 8.47 41.91 51.84 55.25 57.72 

F60 3.89 5.07 6.08 6.26 14.96 22.47 32.63 36.99 

S60 5.07 6.13 6.16 6.31 20.79 36.15 38.15 39.54 

G60 3.08 5.12 6.29 6.69 11.01 29.08 38.91 43.65 

F10G50 3.86 5.47 5.95 5.55 13.66 31.39 33.78 41.04 

F30G30 3.73 5.64 6.27 6.26 14.14 32.60 34.18 39.68 

F50G10 3.80 6.00 7.25 6.88 14.66 27.79 37.91 41.53 

S10G50 3.92 5.54 7.40 7.63 13.81 33.64 36.59 41.30 

S30G30 4.23 6.49 8.19 8.34 17.27 38.29 49.85 51.18 

S50G10 4.77 6.83 7.69 7.95 20.48 39.43 48.09 51.11 

In OPC-GGBS-recycled waste glass powder ternary samples, an obvious enhancement 

of strength at later ages can be observed compared to binary sample G60 and S60. 

Ternary samples S30G30 and S50G10 achieve the highest compressive strength after 

91 days. At the early age, combining GGBS and glass powder improves early strength 

(7 days) gradually with the increasing of GGBS/glass powder ratio. The slag proportion 

contributes to the better performance at early age, which is due to the higher reactivity 

of GGBS. 

The glass powder in OPC-fly ash-glass powder binder results in fewer effects on 

strength development. The increasing fly ash/glass powder ratio shows almost no 

influence on the early age strength but increases the strength after 28 days. Eventually, 

F50G10 achieves the highest compressive strength, which is higher than the fly ash 

binary sample (F60) by 12.3%. 
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Figure 4.14 The total porosity and compressive strength of blended samples after 91 days 

In general, the high volume glass powder, slag and fly ash in ternary and binary binders 

result in lower strength compared to the plain OPC sample until 91 days. The low early 

strength can be found in all samples, especially for G60. After combining glass powder 

with GGBS or fly ash, the early strength can be improved, as well as the better 

performance at late age, for example, S50G10 and S30G30. The OPC-GGBS-glass 

powder binder exhibits significant better performance than the cement-fly ash-glass 

powder binder on compressive strength development. In many studies, the mechanical 

performance of blended concrete has been confirmed to correspond to the 

microstructure (Jeong et al., 2015; Lavergne et al., 2018; Yang et al., 2018). Fig. 4.14 

exhibits the correlation between compressive strength and total porosity. It can be seen 

that the compressive strength performance of blended mortars depends on the variation 

of total porosity. A low porosity corresponds to the high compressive strength of 

blended mortars. From MIP results, S50G10 and S30G30 show a very low porosity 

compared to other samples, whereas exhibiting the highest compressive strength. A 

conclusion of combining application of small amounts of glass with GGBS can 

significantly enhance the mechanical performance of OPC-GGBS-recycled waste glass 

powder mortars can be addressed. However, the OPC sample shows a medium total 

porosity, while the highest compressive strength compared to blended mortars. This is 

induced by the unique pore size distribution, which is different from the blended 

samples. 

4.4 Conclusions 

1. The isothermal calorimetry results indicate that combining recycled waste glass 

powder in GGBS or fly ash blended binders improve early reaction intensity and 

accelerate the hydration process. 
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2. The 60% recycled glass binary binder presents the lowest calcium hydroxide after 91 

days curing compared to 60% GGBS and 60% fly ash blended samples. The 

combination of recycled waste glass powder in GGBS or fly ash blended system results 

in a reduction of the residual calcium hydroxide amount and a denser microstructure of 

mortar samples. 

3. Combining recycled waste glass powder with GGBS and fly ash provides a 

significantly better performance of resistance for rapid chloride migration compared to 

samples only blended with high volume GGBS or fly ash. A densification of capillary 

pores (10 nm – 100 nm) is observed after blending recycled waste glass powder with 

GGBS or fly ash in binder system. Furthermore, a decrease of total pore volume can be 

induced by adding recycled waste glass powder in GGBS or fly ash blended mortars. 

4. Combining recycled waste glass powder with GGBS or fly ash contributes to a better 

mechanical performance of mortars compared to samples containing waste glass 

powder only. The incorporation of 10% and 30% recycled waste glass powder in GGBS 

ternary binder can markedly decrease the total porosity of samples, which produces a 

comparable compressive strength of 51.11 MPa and 51.17 MPa, respectively, compared 

to 57.52 MPa of a plain OPC mortar. 
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Chapter 5 Hydration of recycled waste glass blended cement 

 

 

 

 

In this chapter, a combination of Rietveld analysis and PONKCS (partially or unknown 

crystal structure) is employed to study the hydration behaviour of recycled waste glass 

blended cement. The ordinary Portland cement is replaced by 20%, 40%, and 60% 

recycled waste glass powder by mass. Paste samples of blended cement are 

characterized after 1, 3, 7, 28, and 91 days of hydration. The reaction degree of recycled 

waste glass powder after various curing ages is identified by using the PONKCS 

method. The total reaction degree in blended cement keeps decreasing from 93% to 

53%, when the waste glass content increases from 0% to 60%. The reaction degree of 

recycled waste glass achieves from 24.6% to 37.8% after 91 days. Therefore, most of 

the recycled waste glass act as filler in blended cement. The formed reaction product 

from waste glass has a Ca/Si of 0.6 to 0.8, while a (Na+Ca)/Si of 1.0-1.3. 
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5.1 Introduction 

To obtain a clear understanding of the hydration of SCMs blended cement, more focus 

has been placed on the study of reaction kinetics in recent years. The determination of 

the reaction degree of SCMs in cement systems is important to guide the application 

and optimization of blended cement. In previous studies, SCMs such as ground 

granulated blast furnace slag (GGBS), fly ash (FA), silica fume (SF) and metakaolin 

(MK) have been studied by various test methods in the lab using hydrated SCMs 

blended cement samples (Deschner et al., 2012; Pane and Hansen, 2005; Wan et al., 

2018; Zeng et al., 2012). Generally, thermal gravimetric (TG) analysis, scanning 

electric microscopy (SEM), selective dissolution, and quantitative XRD analysis 

(QXRD) are combined for the identification of reaction products and reaction degree 

of SCMs. However, it is difficult to quantify SCMs by using XRD because it cannot 

differentiate between amorphous phases, and both the unreacted SCMs and the cement 

hydration products are largely amorphous.  

The PONKCS (partially or no known crystal structure) method is an efficient way to 

do a quantification analysis for materials with amorphous or poorly crystalline 

structures (Scarlett and Madsen, 2006). In recent studies, it has been used for the 

determination of GGBS and fly ash in unhydrated blended cement (Naber et al., 2019; 

Stetsko et al., 2017). The PONKCS method is also used on hydrated cement with 

amorphous SCMs (Snellings et al., 2014). This way the reaction degree of SCMs and 

cement can be successfully described compared to other independent methods, which 

is helpful for a better understanding of the hydration process. The only requirement for 

this method is an XRD measurement of the pure, unreacted SCM. 

As a material with a highly amorphous structure, waste glass has been applied as an 

SCM in the preparation of blended cement (Bignozzi et al., 2015; Bueno et al., 2020; 

Liu et al., 2019; Shayan and Xu, 2006). Many studies revealed that the incorporation 

of recycled waste glass contributes to a better durability performance of concrete by 

modifying the reaction products by changing the (Na+Ca)/Si ratio of C-S-H and the 

microstructure (Bignozzi et al., 2015; Bueno et al., 2020; Liu et al., 2019; Shayan and 

Xu, 2006b; Topçu and Canbaz, 2004). However, only rare studies mentions the reaction 

mechanism of recycled waste glass in cement blends, which is still not clearly 

understood. By using the combination of PONKCS and Rietveld methods, it is possible 

to estimate the reaction process clearly and to give a better understanding of kinetics.  

This chapter illustrates the investigation of waste glass blended cement hydration using 

the PONKCS and Rietveld methods to determine the reaction degree of various 
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amounts of recycled waste glass in cement. The results can contribute to a better 

understanding of the application of recycled waste glass in building materials. 

5.2 Materials and Methods 

5.2.1 Characterization of materials and sample preparation 

The results of the characterization of recycled waste glass and cement are shown in 

Chapter 3.2.2 and Chapter 4.2.2. 

The pastes samples are prepared with CEM I 52.5 R and 0%, 20%, 40% and 60% of 

recycled waste glass powder (RGP) by mass. The samples are called OPC, G20, G40 

and G60, respectively. The water to binder ratio is 0.5. After 1 day, 3 days, 7 days, 28 

days and 91 days, the hydrated samples are crushed and mixed with isopropanol to 

cease hydration. Then samples are dried at 40ºC for 48 hours for further analysis. 

5.2.2 Quantification of reaction products in recycled waste glass blended cement 

 Quantification of recycled waste glass with PONKCS  

TOPAS V5 from Brucker was used for all quantifications. The building of the structure 

file for the amorphous phases using TOPAS has been described in many previous 

studies (Mehdi Mejdi et al., 2019; Naber et al., 2019; Scarlett and Madsen, 2006). The 

quantification of recycled waste glass with the PONKCS method includes 3 steps. At 

first, a crystalline standard is measured with XRD (in this case Si) to determine the 

background level. In a second step, the pure recycled waste glass powder (RGP) is 

measured. In TOPAS the previously refined background level is applied, and an hkl 

phase is added with a space group of P4, lattice parameter a=1, and c=70, and refined 

to fit the amorphous hump of recycled waste glass. Then, the phase constant (ZM) is 

calculated by the following equation: 

(𝑍𝑀)𝑅𝐺𝑃 =  
𝑊𝑅𝐺𝑃

𝑊𝑠𝑖𝑙𝑖𝑐𝑜𝑛
×

𝑆𝑠𝑖𝑙𝑖𝑐𝑜𝑛

𝑆𝑅𝐺𝑃
×

(𝑍𝑀)𝑠𝑖𝑙𝑖𝑐𝑜𝑛×𝑉𝑠𝑖𝑙𝑖𝑐𝑜𝑛

𝑉𝑅𝐺𝑃
                          (5.1) 

𝑊𝑅𝐺𝑃 and 𝑊𝑠𝑖𝑙𝑖𝑐𝑜𝑛  are the mass ratio (%) for recycled waste glass and silicon, respectively. 

𝑆𝑅𝐺𝑃 and 𝑆𝑠𝑖𝑙𝑖𝑐𝑜𝑛  are the refined scale factors. 

(𝑍𝑀)𝑠𝑖𝑙𝑖𝑐𝑜𝑛 is the Cell Mass of silicon. 

𝑉𝑅𝐺𝑃 and 𝑉𝑠𝑖𝑙𝑖𝑐𝑜𝑛  are the refined Cell Volumes. 

At last, the phase constant is used as the cell mass of the hkl phase of recycled waste 

glass. Then the structure file is used for all following Rietveld calculation. To test the 
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accuracy of the hkl phase of recycled waste glass, mixtures of recycled waste glass and 

silicon are prepared (90% RGP-10% Si, 70% RGP-30% Si, 50% RGP-50% Si, and 20% 

RGP-80% Si) and waste glass content calculated. The result is shown in Fig. 5.1. The 

calculated phase content of recycled waste glass powder (RGP) is slightly higher than 

the true content in the raw mixtures (around 1% to 2%), which is still acceptable. The 

calculation errors shown in Fig. 5.1 are from TOPAS, and it can be seenthat the decrease 

of RGP content results in a larger error. However, it is still acceptable for phase content 

determination of RGP. 
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Figure 5.1 The calculated RGP contents using PONKCS method of know RGP-Si mixtures 

 Quantification of hydrated blended cement 

 

Figure 5.2 An example of the refinement with hkl phase (RGP) 

A Bruker D4 with a Co tube was used for all measurements (10ºto 90º, step size 0.018

º, time 1.5 s, 40 kV). The XRD mill (Retsch McCrone Micronizer mill) was used to 

mill the crushed samples into powder for quantification after stopping hydration. The 

Si was used as the internal standard (10%) to conduct the Rietveld quantification for 

mixtures by using TOPAS V5. The selected quantification results of clinkers, calcium 

hydroxide and waste glass content are shown in Table 5.1. The mass of clinker includes 
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C3S, C2S, C3A, and C4AF. The bound water is related to the mass loss from 105ºC to 

600ºC by TG test, and normalized to the mass of dry mixtures. In the following 

discussion, all results are normalized to the mass of initial dry mixtures (mass at 600º

C during TG test). An example of an XRD pattern of a hydrated sample is plotted as 

Fig. 5.2, refined with the built hkl phase of RGP, peaks of Si and used C-S-H profile. 

The data of C-S-H profile is derived from the research of (Snellings et al., 2014), which 

can fits the peaks of C-S-H of 7 years hydrated OPC. 

Table 5.1 The selected quantification and TG results 
 

Age  

(day) 

Clinkers 

(%) 

CH 

(%) 

RGP 

(%) 

Amorphous 

(%) 

Bound water  

(%)105ºC-600ºC 

OPC 1 32.1 10.5 0.00 49.6 13.3 

3 18.2 13.1 0.00 62.1 18.6 

7 11.1 14.0 0.00 68.7 20.7 

28 5.4 16.7 0.00 73.4 23.2 

91 4.4 16.6 0.00 76.5 25.2 

GP20 1 22.5 9.4 16.3 45.8 11.5 

3 13.6 11.6 14.6 56.3 15.7 

7 8.7 13.0 13.7 60.3 17.0 

28 4.1 14.3 12.7 65.2 19.0 

91 3.4 11.3 9.9 72.2 20.8 

GP40 1 14.2 7.7 35.4 38.3 9.5 

3 9.3 10.5 33.4 42.3 12.5 

7 5.9 10.5 33.1 46.9 13.3 

28 3.4 10.9 31.2 51.0 15.4 

91 2.6 6.7 23.3 64.1 16.9 

GP60 1 9.3 5.4 54.6 27.4 6.8 

3 5.5 7.3 51.0 33.4 9.2 

7 3.2 7.1 50.4 36.7 9.7 

28 1.6 5.6 49.4 40.1 11.4 

91 1.3 1.3 38.4 55.8 13.8 

5.3 Results and discussion 

5.3.1 Cement clinker hydration degree in blended cement 

Generally, the incorporation of SCMs can promote the cement hydration by several 

mechanisms as shown in Chapter 3 and Chapter 4. Firstly, the addition of SCMs 

effectively reduces the mass of cement, which results in an increased water to cement 

ratio. Thus, more water is available for the reaction of cement particles. Secondly, the 

SCM particles also provide more sites for the growth of the hydration products of 

cement, which is the effect of nucleation. Thirdly, the chemical properties of SCMs can 
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also influence the cement hydration by releasing various ions. The hydration degree of 

cement clinkers (C3S, C2S, C3A, and C4AF) is calculated by the Equation 5.2. The 

clinkers in the OPC sample exhibits a hydration degree of 58% and 75% at 1 day and 3 

days, respectively. After 20% of cement was replaced by RGP, the hydration degree of 

clinkers at 1 day and 3 days was 64% and 77%, respectively. G40 and G60 show a 

clinker hydration degree of 70% and 71% after 1 day hydration. The addition of 

recycled waste glass enhances the hydration of cement clinkers significantly, which is 

due to the dilution effect and nucleation effect. Thus, the hydration degree of cement 

clinkers increases quickly after the addition of more recycled waste glass. 
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Figure 5.3 Hydration degree of cement clinker in different mixtures 

5.3.2 Reaction degree of recycled waste glass in blended cement 
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Figure 5.4 Reaction degree of recycled waste glass 

The reaction degree of recycled waste glass at different ages is shown in Fig. 5.4, and 

was calculated by the Equation 5.3. It can be seen that the reaction degree of recycled 

waste glass is increased with increasing curing duration. G20 exhibits the highest 

reaction degree during all ages, and reached 37.8% after 91 days. At the same time, the 

reaction degree of glass particles in G40 and G60 shows a relatively slower increase, 
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and achieved 29.5% and 24.6% after 91 days, respectively. This indicates that the 

amount of recycled waste glass can influence the final reaction degree, which is 

probably due to decreasing amounts of calcium hydroxide and lower pH with increasing 

waste glass content. This is in agreement with the observation in a related study of 

mixing calcium hydroxide and waste glass powder, where the higher calcium hydroxide 

to waste glass ratio resulted in a higher reaction degree of waste glass particles (Mehdi 

Mejdi et al., 2019).  

5.3.3 Total reaction degree of blended cement 

The hydration degree of cement can be described using the following equation: 

𝐷𝑐(𝑡) = (1 −
𝑚𝐶3𝑆(𝑡)+𝑚𝐶2𝑆(𝑡)+𝑚𝐶3𝐴(𝑡)+𝑚𝐶4𝐴𝐹(𝑡)

𝑚𝐶3𝑆+𝑚𝐶2𝑆+𝑚𝐶3𝐴+𝑚𝐶4𝐴𝐹
) × 100%                    (5.2) 

𝐷𝑐(𝑡)- Hydration degree of cement clinkers 

𝑚𝐶3𝑆(𝑡) + 𝑚𝐶2𝑆(𝑡) + 𝑚𝐶3𝐴(𝑡) + 𝑚𝐶4𝐴𝐹(𝑡)- Mass of clinker from Rietveld quantification in hydrated 

samples normalized by mass at 600ºC 

𝑚𝐶3𝑆 + 𝑚𝐶2𝑆 + 𝑚𝐶3𝐴 + 𝑚𝐶4𝐴𝐹 - Mass of clinker from Rietveld quantification in unhydrated 

cement  

Then, the reaction degree of recycled waste glass blended cement can be expressed as 

follows: 

𝐷𝑔𝑝(𝑡) = (1 −
𝑚𝑔𝑝(𝑡)

𝑚𝑔𝑝
) × 100%                                       (5.3) 

𝐷𝑔𝑝𝑐(𝑡) = 𝑀𝑐𝐷𝑐(𝑡) + 𝑀𝑔𝑝𝐷𝑔𝑝(𝑡)                                      (5.4) 

𝐷𝑔𝑝𝑐(𝑡) = 𝑀𝑐 (1 −
𝑚𝐶3𝑆(𝑡) + 𝑚𝐶2𝑆(𝑡) + 𝑚𝐶3𝐴(𝑡) + 𝑚𝐶4𝐴𝐹(𝑡)

𝑚𝐶3𝑆 + 𝑚𝐶2𝑆 + 𝑚𝐶3𝐴 + 𝑚𝐶4𝐴𝐹
) 

× 100% + (1 −
𝑚𝑔𝑝(𝑡)

𝑚𝑔𝑝
) × 100%                                      (5.5) 

𝐷𝑔𝑝(𝑡)- Reaction degree of recycled waste glass 

𝐷𝑔𝑝𝑐(𝑡)- Reaction degree of blended cement 

𝑚𝑔𝑝(𝑡)-Mass of recycled waste glass in hydrated samples normalized by mass at 600ºC 

𝑚𝑔𝑝-Original mass of recycled waste glass in dry mixtures 

𝑀𝑐- Mass ratio of cement in dry mixtures 

𝑀𝑔𝑝- Mass ratio of recycled waste glass in dry mixtures 

After the calculation, the total hydration degree of recycled waste glass blended cement 
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is shown in Fig. 5.5. 
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Figure 5.5 Total reaction degree of recycled waste glass blended cement 

It can be seen that the total reaction degree of blended cement (reaction degree of 

cement and recycled waste glass) keeps decreasing with the increase of recycled waste 

glass in mixtures. The plain cement samples can achieve a total reaction degree of 93% 

at 91 days, while GP20, GP40, and GP60 only show a total reaction degree of 82%, 

68%, and 53%, respectively. This indicates that the high amount of recycled waste glass 

results in a lower reaction degree of blended cement, which is in agreement with other 

SCMs blended cement, for example, coal fly ash (Skibsted and Snellings, 2019). The 

low reaction degree in high volume recycled waste glass (40% and 60%) blended 

cement also indicates that a relatively high volume of glass particles are remaining 

unreacted, and then only plays a role as filler. Such a low total reaction degree may 

result in a low amount of bound water, and as a consequence, the compressive strength 

can be reduced compared to plain OPC as shown in Chapter 3 and Chapter 4. However, 

the reduction of strength can be compensated by using a low initial water to binder ratio, 

which has been discussed in Chapter 3. Nevertheless, in Chapter 4, the high volume 

waste glass samples exhibit a superior performance of resistance to chloride penetration 

compared to other samples, the related effects of microstructure modification have been 

discussed, and from the results in this chapter, the unreacted waste glass may also 

contribute to the resistance to chloride from the physical aspect explained as follows. It 

needs to be noted that the recycled waste glass particles are covered by the outer 

reaction products (from cement hydration or pozzolanic reaction), while the inner part 

remains unreacted and can play the role of fine aggregates during chloride migration 

test. Thus, the path for chloride migration can be significantly increased, also for other 

ions or cations migration. 
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5.3.4 Bound water and calcium hydroxide content in blended cement 

 Bound water in recycled waste glass blended mixtures 
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Figure 5.6 The bound water content in different blended cement 

According to some studies, the bound water content can also indicate the hydration 

degree of mixtures (Parrott et al., 1990). The bound water contents of recycled waste 

glass blended cement are shown in Fig. 5.6, which were determined by TG from 105º

C to 600ºC. The OPC sample exhibits the highest bound water content among all 

samples. The addition of recycled waste glass keeps decreasing the bound water content 

with the increase of recycled waste glass proportion. This observation is in agreement 

with the results in Fig. 5.5 (total reaction degree of blended cement). Water can be 

bound by the hydration of the cement part and the pozzolanic reaction of waste glass. 

Depending on the bound water in a pure cement sample (0.2693 g/ g of cement in this 

study), the water bound by the pozzolanic reaction of recycled waste glass can be 

calculated by the following equation, 

𝑀𝐻2𝑂

𝑀𝑆𝑖𝑂2

=
(𝑚𝑏𝑤−0.2693×𝐷𝑐(𝑡)×𝑀𝑐×100)/18𝑔/𝑚𝑜𝑙

(𝐷𝑔𝑝(𝑡)×𝑀𝑔𝑝×100)×
0.6833

60𝑔/𝑚𝑜𝑙

                               (5.6) 

𝑀𝐻2𝑂

𝑀𝑆𝑖𝑂2

- molar ratio of combined water to reacted amorphous SiO2 from recycled waste glass 

𝑚𝑏𝑤- bound water content by mass at 600ºC, 𝐷𝑐(𝑡)- hydration degree of cement 

𝑀𝑐- mass ratio of cement in dry mixtures, 0.2693- bound water per gram of cement in present 

study 

18𝑔/𝑚𝑜𝑙- molar mass of water, 𝐷𝑔𝑝(𝑡)- reaction degree of recycled waste glass 

𝑀𝑔𝑝- mass ratio of recycled waste glass in dry mixtures,  

0.6833- mass of SiO2 per gram of recycled waste glass, 60𝑔/𝑚𝑜𝑙- molar mass of SiO2 
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Figure 5.7 The reacted water to SiO2 ratio during the pozzolanic reaction 

The results are shown in Fig. 5.7. It can be seen that the water to SiO2 (molar ratio) is 

variable between 1 and 2.5, and that the water to SiO2 ratio shows a decrease with the 

reaction degree of recycled waste glass. This could be induced by the increasing Si 

released from the waste glass with higher reaction degrees. Furthermore, it should be 

noted that the differences in the calculated results are extremely large for samples with 

early ages and samples with low amounts of waste glass. This is induced by the 

calculation error of Rietveld and PONKCS method. From the refinement of Si-RGP 

mixtures, it is clear that a decreasing RGP content leads to a larger error. For a content 

of 20% the absolute error is around 2-3%. However, in the hydrated blended cement 

sample with low RGP contents, the glass is partially reacted which decreases its 

contents even more and therefore increases the error of results up to 50%. Therefore, 

for samples containing a low content of RGP or with a low RGP reaction degree, the 

calculation is not accurate enough to get reliable results of consumed water/CH to 

reacted RGP ratio. So, the results at high reaction degree and high volume waste glass 

samples are more reliable, for examples, G20, G40 and G60 at 91 days. This also 

indicates that the PONKCS and Rietveld still need to be improved to get a reasonable 

results for hydrated blended samples with low RGP content and at early ages. 

 Calcium hydroxide in recycled waste glass blended mixtures 

As a material with high amorphous silica, recycled waste glass has a pozzolanic 

reactivity, it even shows a higher reactivity than fly ash as shown in Chapter 4. It can 

be seen in Fig. 5.8 that the recycled waste glass samples contain lower calcium 

hydroxide content compared to OPC. The reduction of calcium hydroxide can be 

explained by the reduced cement amount and the consumption of the pozzolanic 

reaction. A theoretical pozzolanic reaction, for example, pure silica fume, can be 

described as follows: 
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𝑆 + 1.7𝐶𝐻 + 2.3𝐻 → 𝐶1.7𝑆𝐻4                                        (5.7) 
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Figure 5.8 Calcium hydroxide content in dry mixtures 

However, the ratio of Ca/Si of the C-S-H could be variable due to ion diffusion (Ca and 

Si), chemical composition and the particle size of SCMs. As shown in Chapter 3, the 

recycled waste glass consists of 68.3% SiO2, 11.9% CaO, and 14.65% Na2O and the 

presence of Na and Ca in waste glass may alter the Ca/Si ratio in the reaction products. 

For a better understanding of the influences of reacted recycled waste glass on products, 

the Ca/Si and (Na+Ca)/Si are calculated based on the calcium hydroxide consumption 

and reaction degree of glass particles for G20, G40, G60 at 91 days and G60 at 28 days, 

and the results are shown in Fig. 8. The Ca/Si 1 indicates the Ca/Si ratio in reaction 

products without including Ca from reacted waste glass. The Ca/Si 2 is the Ca/Si 

including Ca from reacted waste glass. The (Na+Ca)/Si includes Ca and Na from 

reacted waste glass. The results are calculated as follows: 

𝐶𝑎/𝑆𝑖 1 =
(𝑚𝐶𝐻−0.2198×𝐷𝑐(𝑡)×𝑀𝑐×100)/74𝑔/𝑚𝑜𝑙

(𝐷𝑔𝑝(𝑡)×𝑀𝑔𝑝×100)×
0.6833

60𝑔/𝑚𝑜𝑙

                            (5.8) 

𝐶𝑎/𝑆𝑖 2 =
(𝑚𝐶𝐻−0.2198×𝐷𝑐(𝑡)×𝑀𝑐×100)/74𝑔/𝑚𝑜𝑙+𝐶𝑎 𝑓𝑟𝑜𝑚 𝑅𝐺𝑃

(𝐷𝑔𝑝(𝑡)×𝑀𝑔𝑝×100)×
0.6833

60𝑔/𝑚𝑜𝑙

                  (5.9) 

(𝑁𝑎 + 𝐶𝑎)/𝑆𝑖 =
(𝑚𝐶𝐻−0.2198×𝐷𝑐(𝑡)×𝑀𝑐×100)/74𝑔/𝑚𝑜𝑙+𝐶𝑎 𝑓𝑟𝑜𝑚 𝑅𝐺𝑃+𝑁𝑎 𝑓𝑟𝑜𝑚 𝑅𝐺𝑃

(𝐷𝑔𝑝(𝑡)×𝑀𝑔𝑝×100)×
0.6833

60𝑔/𝑚𝑜𝑙

  (5.10) 

𝐶𝑎 𝑓𝑟𝑜𝑚 𝑅𝐺𝑃 = (𝐷𝑔𝑝(𝑡) × 𝑀𝑔𝑝 × 100) ×
0.1190

56𝑔/𝑚𝑜𝑙
                      (5.11) 

𝑁𝑎 𝑓𝑟𝑜𝑚 𝑅𝐺𝑃 = (𝐷𝑔𝑝(𝑡) × 𝑀𝑔𝑝 × 100) × 0.1465 ∗
2

62𝑔/𝑚𝑜𝑙
              (5.12) 

𝑚𝐶𝐻- calcium hydroxide content in dried mixtures, 𝐷𝑐(𝑡)- hydration degree of cement 
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𝑀𝑐- mass ratio of cement in dry mixtures,  

0.2693- grams of bound water from per gram of cement in present study 

𝐷𝑔𝑝(𝑡)- reaction degree of recycled waste glass, 𝑀𝑔𝑝- mass ratio of recycled waste glass in dry 

mixtures,  

0.6833- mass of SiO2 per gram of recycled waste glass, 60- molar mass of SiO2 

0.2198- grams of calcium hydroxide from per gram of cement in this study 

74𝑔/𝑚𝑜𝑙- molar mass of calcium hydroxide, 56𝑔/𝑚𝑜𝑙- molar mass of CaO, 62𝑔/𝑚𝑜𝑙- molar mass 

of Na2O, 0.1190- mass of CaO per gram of recycled waste glass 

0.1465- mass of Na2O per gram of recycled waste glass 
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Figure 5.9 The calcium hydroxide to SiO2 ratio during the pozzolanic reaction (Ca/Si-1 Ca/Si ratio 

from consumed calcium hydroxide and silica, Ca/Si-2 Ca/Si ratio after combining the Ca from reacted 

waste glass, (Na+Ca)/Si after combining the Na from reacted waste glass) 

It can be seen that Ca/Si-1, which is calculated based on the consumption of calcium 

hydroxide and silica from reacted recycled waste glass, ranges from around 0.4 to 0.6. 

The Ca/Si ratio keeps decreasing with the increasing reaction degree of waste glass, 

which is a similar trend as the bound water in Fig. 5.7 shows. This Ca/Si 1 is extremely 

low compared to the EDX results in Chapter 2 and Chapter 3 (0.7-1.2). However, after 

adding the Ca from reacted waste glass (Ca/Si-2), a more reasonable Ca/Si ratio can be 

observed of around 0.6 to 0.9. This indicates that the Ca from the dissolution of recycled 

waste glass can also take part in the formation of secondary C-S-H during the 

pozzolanic reaction. Furthermore, the Na from the reacted waste glass can also be 

incorporated into the C-S-H gel as (N)-C-S-H, which is similar to alkali activated 

materials. The (Na+Ca)/Si ratio in the present results is around 1.0 to 1.3. The Ca/Si 

and (Na+Ca)/Si ratio is also in agreement with the results in a previous study from EDX, 

which is observed in reacted mixtures of calcium hydroxide and waste glass powder 

(Mehdi Mejdi et al., 2019). Besides, the increase of reaction degree of recycled waste 

glass powder also shows a reduction on the Ca/Si, (Na+Ca)/Si, and the H2O/Si in the 

reaction products. This could be induced by the slow diffusion of Si with the increase 

of the waste glass reaction degree.  
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5.3.5 Reaction process of recycled waste glass in cement blends 

The recycled waste glass can be described as follows depending on the main chemical 

compositions (Na2O, CaO, and SiO2 in XRF): 

(𝑁𝑎2𝑂)0.2075(𝐶𝑎𝑂)0.1866(𝑆𝑖𝑂2)1 = 𝑁0.2075𝐶0.1866𝑆                      (5.13) 

Then, depending on the above results and discussion, the reaction of recycled waste 

glass in cement blends can be described as follows: 

𝑁0.2075𝐶0.1866𝑆 + (0.38~0.62)𝐶𝐻 + (1~2.5)𝐻 

→  𝑁0.2075𝐶(0.57~0.80)𝑆𝐻(1~2.5)                                       (5.14) 

The variation of consumed CH and bound water can be explained by the reaction degree 

of recycled waste glass, which is discussed in the following part. 

 
Figure 5.10 The reaction of recycled waste glass in cement blends 

The reaction process of a recycled waste glass particle is described in Fig. 5.10. The 

reacted rim is gradually growing with the increase of the glass reaction degree. The 

curved arrows represent the diffusion of elements from the waste glass surface, and the 

Ca around the glass particle is related to the hydrated cement matrix. The waste glass 

particle keeps dissolving due to the high pH provided by calcium hydroxide from 

cement hydration. At the same time, Na, Ca and Si are gradually diffused from the 

surface of the glass particle into the cement matrix. At the beginning of the reaction, 

the reaction products with high Ca/Si can be formed on the surface of the glass particle 

due to the Ca-rich environment around the glass particle and limited Si dissolving. 

Before the calcium hydroxide is totally consumed, the pH is still high enough for the 

dissolving of waste glass particles. However, the formed rim of reaction products could 

be an inhibitor for Na, Ca and Si transportation from the unreacted glass surface. 
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Therefore, the lower Ca/Si layer can be formed in the inner layer compared to the outer 

layer with the increase of glass reaction degree. Depending on this process, the reaction 

degree of recycled waste glass in cement blends could be affected by several factors. 

Firstly, the cement replacement ratio can effectively control the amount of available 

calcium hydroxide, it is clear to see the low cement replacement ratio results in a high 

reaction degree of waste glass. Secondly, the particle size of waste glass, the high 

surface area is expected to contribute a high reaction degree.  

5.3 Conclusions 

1. In the recycled waste glass blended cement, the reaction degree of cement clinkers 

can be significantly enhanced by the increase of substitution ratio. However, the total 

reaction degree of blended cement gradually decreased with the increase of recycled 

waste glass substitutions because of the low reaction degree of glass particles.  

2. The reaction degree of recycled waste glass in cement blends is for 24.6% to 37.8%. 

The highest reaction degree is observed in G20, while the lowest reaction degree is 

found in G60.  

3. The reaction degree of recycled waste glass controls the Ca/Si and (Na+Ca)/Si ratio 

in the reaction products. The increase of waste glass reaction degree contributes to a 

lower (Na+Ca)/Si and Ca/Si ratio in products due to higher amounts of dissolved Si in 

the inner layer of reaction rim. 

4. In the recycled waste glass blended cement, every mole of waste glass can consume 

0.38 to 0.62 mole of calcium hydroxide and bind 1 to 2.5 molar of water during the 

pozzolanic reaction. 
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Chapter 6 Waste glass as binder in alkali activated blast 

furnace slag-fly ash mortars 

 

 

 

 

 

This chapter illustrates the application of waste glass powder as part of the binder in 

slag-fly ash systems activated by NaOH and NaOH/Na2CO3. To evaluate the reaction 

kinetics, reaction products, mechanical properties, and durability performance of glass 

powder modified alkali activated slag-fly ash systems, calorimetry test, X-ray 

diffraction, FTIR, strength test, drying shrinkage tests, and carbonation test were 

conducted. From the isothermal calorimetry results, glass powder shows a higher 

reactivity compared to fly ash but still lower than GGBS. The reaction products of glass 

powder modified samples exhibit a higher of polymerization degree of Si-O-T, 

observed in FTIR. Furthermore, a higher drying shrinkage exists in glass modified 

mortars. The mechanical performance of different samples is mostly controlled by the 

Ca/Si ratio of the dry mixtures and activator type. After the slag-fly ash binder system 

was modified by the waste glass, a significant enhancement of resistance to carbonation 

was identified, especially for NaOH/Na2CO3 activated mortars, which show an increase 

of 300% in their resistance to carbonation compared to the reference sample. The 

Na/(Si+Al) ratio of dry mixtures exhibits a positive correlation with carbonation 

resistance. 

 

 

 

 

 

This chapter is partially published elsewhere: 

G. Liu, M.V.A. Florea, H.J.H. Brouwers. Waste glass as binder in alkali activated slag–fly ash mortars. 

Materials and Structures, 2019, Volume 52, Page 1-12.  
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6.1 Introduction 

In Chapter 2 to Chapter 5, the recycled waste glass is investigated as SCMs in cement 

based building materials. It is clear, that the reaction of recycled waste glass is strongly 

affected by the cement hydration. Specially, the presence of calcium hydroxide, which 

provides a high enough pH for glass dissolution. Consequently, the microstructure can 

be modified. On the other hand, alkali activated materials are also potential systems for 

the application of recycled waste glass. Usually, ground granulated blast furnace slag 

(GGBS) and fly ash are used. For example, GGBS can be used for providing Ca and Si 

in the high calcium binder system in normal alkali activated materials, the reaction 

product being mainly C-(A)-S-H (Brough and Atkinson, 2002). Combining GGBS and 

fly ash in alkali activated binder systems is helpful to compensate their individual 

negative effects induced by each other. Some studies revealed that the incorporation of 

fly ash in alkali activated slag samples can significantly improve the shrinkage during 

the reaction (Kumarappa et al., 2018; Gao et al., 2016; Lee et al., 2014). Furthermore, 

the blended binder exhibits an excellent performance of strength and durability 

(Sugama et al., 2005).  

Waste glass is also reactive in alkali activated system and shows a higher dissolution 

rate in a NaOH/Na2CO3 solution compared to NaOH solution at the same sodium 

concentrations (Torres-Carrasco and Puertas, 2017). In addition, the blended activator 

NaOH/Na2CO3 was reported to results in better performance of GGBS-glass systems 

(Martinez-Lopez and Escalante-Garcia, 2016). In some reports, the waste glass powder 

in alkali activated concrete plays a role similar to water glass in microstructure 

enhancement (Puertas and Torres-Carrasco, 2014). In general, the selection of binder 

composition and activator of alkali activated concrete has a huge influences on the 

concrete durability performance.  

This chapter evaluates the application of waste glass in slag-fly ash alkali activated 

binder systems. The waste glass was used to replace slag, fly ash or a total of  binder 

of 20% by mass, to study the influences of waste glass on slag-fly ash binder system. 

Two kinds of activators (NaOH and NaOH/Na2CO3) were selected. The reaction 

kinetics, reaction products, strength performance and durability properties are studied. 

The purpose is to optimize the application of waste glass in a slag-fly ash binder.  
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6.2 Materials and methods 

6.2.1 Materials characterization 

The recycled waste glass, ground granulated blast furnace slag (GGBS), fly ash and 

fine aggregate (standard sand) are same as the materials in Chapter 4. The 

characterization results have been shown in Chapter 4.2.1.  

6.2.2 Test methods 

 Activators and mortars preparation 

The NaOH activator solution was prepared using sodium hydroxide pellets (NaOH) and 

distilled water to achieve a concentration of 8M. The blended NaOH-Na2CO3 (50:50 

by mass) activator was prepared from sodium hydroxide pellets (NaOH), sodium 

carbonate (Na2CO3) and distilled water, which results in the same Na concentration of 

8M. The sample mix design and the initial Ca/Si and Na/(Si+Al) of dry mixtures are 

shown in Table 6.1. The equivalent Na2O% for all binders is kept at a constant dosage 

of 10%. 

The mixing of mortars was done by using a 5-liter Hobart mixer. At first, the dry slag-

fly ash-waste glass binders and fine aggregate (standard sand) were mixed for 30 s at 

low speed. Then activator was added and mixed on medium speed. Lastly, the fresh 

mortars were filled into the plastic mould of 40 mm × 40 mm × 160 mm and covered 

with plastic film for the first 24 hours curing. After that, the mortar prisms were 

demoulded and covered by plastic film for ambient curing until further testing. 

 Fresh behaviour, mechanical performance and reaction kinetics  

The slump flow, setting time, calorimeter, XRD, drying shrinkage strength tests have 

been described in Chapter 3.2.2. 

 FTIR  

The Fourier transform infrared spectroscopy (FTIR) measurement was performed in a 

Varian 3100 instrument with the wavenumbers ranging from 4000 to 400 cm-1 with a 

resolution of 1 cm-1. 

 Aggressive carbonation test 

Carbonation curing was conducted in a carbonation chamber. The relative humidity was 
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set as 65% (in the range of the optimal value for carbonation test from previous studies 

(Leemann and Moro, 2017)), the temperature was set at 25 °C, and the CO2 gas dosage 

kept a constant of 20% at ambient pressure. Samples were moved to the carbonation 

chamber for the test after 28 days normal curing. The phenolphthalein solution was 

sprayed on the fracture surface of samples after different time of carbonation to test the 

uncarbonated area. Then the fractions of uncarbonated area was identified and 

quantified by using Image J. 

Table 6.1 Mix design for 1 m3 

Sample GGBS 

(kg) 

FA 

(kg) 

RGP 

(kg) 

Sand 

(kg) 

Activator

(kg) 

w/b Flowabilty 

(cm) 

Ca/Si Na/(Si+Al) 

NH1 251.5 251.5 0 1509.0 265.6a 0.4 15.5 0.64 0.30 

NH2 252.4 151.4 100.9 1514.3 266.5a 0.4 16.0 0.62 0.40 

NH3 150.0 250.0 100.0 1500.1 264.0a 0.4 15.8 0.40 0.36 

NH4 200.9 200.9 100.5 1507.2 265.3a 0.4 16.5 0.51 0.38 

NC1 251.5 251.5 0 1509.0 274.6b 0.4 15.3 0.64 0.30 

NC2 252.4 151.4 100.9 1514.3 275.5b 0.4 14.5 0.62 0.40 

NC3 150.0 250.0 100.0 1500.1 272.9b 0.4 15.8 0.40 0.36 

NC4 200.9 200.9 100.5 1507.2 274.3b 0.4 14.8 0.51 0.38 

a – NaOH activator, b – NaOH-Na2CO3 activator 

6.3 Results 

6.3.1 Reaction kinetics and products characterization 

 Isothermal calorimetry test 
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Figure 6.1 Reaction heat development of various binders 

Isothermal calorimetry tests were conducted for the different mixtures activated by 

NaOH type and NaOH/Na2CO3 type activator. As shown in Fig. 6.1, all mixtures exhibit 



 

95 
 

a typical four-stage heat evolution curve of initial dissolution, induction, acceleration 

to deceleration and stable period (Fang et al., 2018; Gao et al., 2015; Puertas et al., 

2018). It can be identified that different mixtures show a variation of peak intensity and 

acceleration/deceleration period. The different parts of slag-fly ash binder replaced by 

waste glass induce the enhancement or reduction of the reaction intensity and reaction 

rate. For NaOH activated mixtures, NH2 shows the highest peak intensity and shortest 

induction period compared to the reference (NH1). NH3 and NH4 exhibit a significant 

lower heat peak intensity and a longer induction period. Binders activated by 

NaOH/Na2CO3 blended activator exhibit a relatively longer induction period and lower 

reaction intensity compared to NaOH series samples. However, a similar influence of 

waste glass incorporation on the reaction kinetics of slag/fly ash system is observed. 

NC2 (glass replacing fly ash part) shows the shortest induction period and highest 

reaction intensity compared to other blended activator activated binders, while NC3 

(glass replacing slag part) exhibits the slowest reaction rate.  

For all NaOH and NaOH/Na2CO3 series samples, the highest reaction intensity and 

reaction rate is observed in NH2 and NC2, respectively, which is related to mixtures 

containing 50% of GGBS, 30% of fly ash and 20% of waste glass powder. On the 

contrary, the binder exhibiting the lowest reactivity is found in NH3 and NC3, mixtures 

containing 30% of GGBS, 50% of fly ash and 20% waste glass. These results indicate 

that the waste glass powder may show a lower reactivity than GGBS, while higher 

reactivity than fly ash when activated by NaOH or NaOH/Na2CO3 type activator.  

This difference of heat flow is induced by the significant higher pH provided by the 

NaOH, which accelerates the dissolution of Al and Si during the induction period (Song 

and Jennings, 1999). As higher reaction rate and reaction intensity can be observed in 

the first hours as shown in Fig. 6.3. On the contrary, the Na2CO3 shows a limitation on 

providing a high pH environment in the first hours. This is also the reason why 

NaOH/Na2CO3 activated samples show a relatively long duration to reach the setting 

compared to NaOH activated specimens. In some cases, the reaction heat flow peak of 

Na2CO3 activated slag binder was presented after 50 to 60 hours of reaction (Bernal et 

al., 2015; Yuan et al., 2017). In the present study, the heat flow peaks of binders 

activated by NaOH/Na2CO3 locate in the range of from 35 h to 60 h, which is faster 

compared to previous studies. This is induced by combining NaOH and Na2CO3 as 

activator.  



 

96 
 

 XRD and FTIR analysis 
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(a)                                        (b) 

Figure 6.2 XRD patterns of different mixtures (a) NaOH activated binders and (b) NaOH-Na2CO3 

activated binders (1-quartz, 2-mullite, 3-cancrinite, 4-garronite, 5-C-(A)-S-H, 6-hydrotalcite, 7-

gaylussite) 

The XRD patterns of the paste samples are shown in Fig. 6.2. As can be seen, some 

minerals are found in all mixtures, regardless of the activator types. For example, quartz 

and mullite, which are the residual minerals in fly ash. In comparison to the XRD data 

of raw materials (shown in Chapter 4.2.1), many new peaks were formed after 28 days 

reaction by the activation of NaOH or NaOH-Na2CO3. In NaOH activated samples, a 

peak with broad hump and low intensity can be identified between 33° to 35°, which is 

related to the formation of C-S-H with a low degree of crystallinity (Garbev et al., 2008; 

Kumar et al., 2017). In addition, hydrotalcite, garronite and cancrinite also can be found 

in all samples as the usual products in similar binder systems (Toniolo et al., 2018; 

Ismail et al., 2014). For the samples activated by NaOH-Na2CO3, a different phase-

gaylussite was formed. The addition of waste glass in binders shows no significant 

effect on the variation of reaction products. It is interesting to notice that the peaks of 

cancrinite in NaOH activated binders are relatively weak after the incorporation of 

waste glass. This may be caused by the change in the SiO2/Al2O3 ratio after the addition 

of waste glass.  

To further study the reaction products of different mixtures, FTIR was employed as 

shown in Fig. 6.3. The location of the dashed line is determined by the peak of Si-O-T 

in reference samples, which contain 50% slag and 50% fly ash as a binder (shown as 

NH1 and NC1, repectively). For all alkali activated samples, the main peaks shown in 

the present range are around 870 cm-1, 960 cm-1, and 1406 cm-1. The peaks located 

around 870 cm-1 and 1406 cm-1 are related to the C-O bond (Bernal et al., 2011a), with 

appearances of carbonate in samples. It can be hydrotalcite, which has been identified 

in the XRD patterns. The appearance of carbonate in NaOH activated samples might 
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be caused by the carbonation during the sample preparation, while for the NaOH-

Na2CO3 activated specimens, it results in the formation of gaylussite 

(Na2Ca(CO3)2·5H2O), which also has been found with XRD. As it can be seen, the 

sodium hydroxide activated slag-fly ash binder system shows its main peak around 964 

cm-1, and at 957 cm-1 in sodium hydroxide-sodium carbonate activated slag-fly ash. 

This band is related to the υ3 vibration of Si-O-T bond, which generally exists in N-A-

S-H and C-A-S-H gel in alkali activated slag-fly ash systems(Gao et al., 2016). After 

20% of waste glass powder was introduced in the slag-fly ash binder, the Si-O-T peaks 

in all waste glass mixtures exhibits a slight shift to higher wavenumbers. The addition 

of waste glass powder introduced an additional Si source to the reaction system; as a 

consequence, more Si could be incorporated in to the gel network to form a Si-rich 

structure (Zhang et al., 2017), which can generate a higher polymeriziation degree of 

reaction products. 
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Figure 6.3 FITR of different mixtures after 28 days curing 

6.3.2 Setting and mechanical behaviours 

 Setting time 

The setting behaviour of various binder systems is shown in Table 6.2. As it can be seen, 

the significant differences are observed between different binders, as well as between 

samples with different activators. For NaOH activated binders, the reference sample, 

NH1, reaches the initial setting at 89 min, while the final setting at 139 min. Comparing 

to NH1, NH2 shows a slightly shorter initial and final setting time of 85 min and 129 

min, respectively. On the contrary, NH3 experiences a longer duration to reach the 

initial and final setting, of 116 min and 163 min, respectively. For NaOH-Na2CO3 

activated binders, all samples show a relatively longer duration for the setting than 

NaOH activated samples. NC2 and NC4 exhibit almost the same duration to the setting, 

which is shorter than the reference NC1. The longest setting time is shown by NC3. 
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This observation is in accordance with the results of the calorimetry test. 

Table 6.2 Setting and mechanical performance of mortars 

Sample 

ID 

Initial 

setting 

(min) 

Final 

setting 

(min) 

Flexural strength (MPa) Compressive strength (MPa) 

7 days 28 days 7 days 28 days 

NH1 89 139 2.67±0.07 4.21±0.04 8.34±0.11 12.77±0.36 

NH2 85 129 3.03±0.07 4.11±0.01 8.34±0.10 10.82±0.18 

NH3 156 206 1.52±0.03 2.89±0.05 4.16±0.09 9.73±0.25 

NH4 116 163 2.16±0.04 3.38±0.18 6.16±0.12 9.78±0.28 

NC1 320 410 5.20±0.08 6.29±0.09 16.38±1.16 25.68±0.17 

NC2 306 380 4.84±0.11 5.30±0.22 16.09±0.76 23.89±0.30 

NC3 370 470 3.23±0.06 5.12±0.24 12.38±0.23 17.99±0.64 

NC4 307 379 4.18±0.01 5.13±0.05 14.00±0.22 21.62±0.85 

 Mechanical performance 

The mechanical performances of different alkali activated mortars are shown in Table 

6.2. The incorporation of waste glass in binders reduces the strength performance of 

mortars activated by NaOH or NaOH-Na2CO3 after 28 days. For NaOH activated 

mortars, fly ash-slag samples (NH1) exhibit an average compressive strength of 12.76 

MPa. After the waste glass was used to replace the fly ash part, slag part or all binder, 

the compressive strength of 28 days are 10.82 MPa, 9.73 MPa, and 9.78 MPa, 

respectively. The reduction of mechanical performance is mostly caused by the 

decreasing of the slag proportion, for example, NH3 (30% slag) exhibits the lowest 

strength performance.   

The obvious higher strength performance can be found in NaOH-Na2CO3 activated 

mortars. The reference sample (NC1) achieves a compressive strength of 25.68 MPa, 

while 23.89 MPa, 17.98 MPa and 21.62 MPa for waste glass containing samples NC2, 

NC3 and NC4, respectively. The addition of waste glass in NaOH-Na2CO3 activated 

mortars shows a similar effect on the strength development as NaOH activated mortars. 

The slag component is a critical parameter of strength behaviour for alkali activated 

slag based materials (Marjanović et al., 2015). The difference in mechanical 

performance is possibly induced by the chemical composition of binders, which will be 

discussed in the following part. 

The compressive strength of NaOH/Na2CO3 activated mortars are obviously higher 

than the mortars activated by NaOH at 7 days and 28 days only. As it is well known, 

the mechanical performance of alkali activated concrete is influenced by the type and 

the concentration of activator (Fernández-Jiménez et al., 1999). In the previous research, 
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NaOH activator helped to form C-S-H containing high Q2 value of Si, while no Q3 value 

was found, this kind of long chains indicate a low strength performance of samples. 

However, the application of Na2CO3 induced more Q3 value of Si and very low Q2, 

which indicates a cross-linked structure of C-S-H (Fernández-Jiménez et al., 2003). As 

a consequence, the mechanical performance will be higher. In addition, the existence 

of long chains in NaOH activated samples was also identified by the FTIR results in 

Fig. 5 that NaOH activated slag-fly ash binders shows a higher wavenumber of Si-O-T 

than NaOH/Na2CO3 activated samples. 

6.3.3 Shrinkage and carbonation resistance performance evaluation 

 Drying shrinkage 
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Figure 6.4 Drying shrinkage of different mortars 

The change in length during the drying shrinkage test (90 days) is shown in Fig. 6.4. 

The addition of waste glass in slag-fly ash binders both increases the final drying 

shrinkage of both NaOH and Na2CO3-NaOH activated mortars. For NaOH activated 

binders, the highest drying shrinkage is observed in NH3, which contains 30% slag, 20% 

waste glass, and 50% fly ash. At the same time, sample NH1 (50% slag and 50% fly 

ash) exhibits a significantly lower drying shrinkage compared to other samples. On the 

contrary, when blended activator was used, NC2 (50% slag, 30% fly ash and 20% waste 

glass) presents the highest drying shrinkage during the test. In addition, as the fly ash 

proportion increases, the drying shrinkage of mortars keeps decreasing, which agrees 

with the previous study (Lee et al., 2014).  
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Figure 6.5 Mass loss during shrinkage test  

The mass change of all mixtures was recorded during the shrinkage test and is shown 

in Fig. 6.5. It is noticeable that the results of mass change can not totally agree with the 

drying shrinkage data.  For sodium hydroxide activated samples, NH3 presents the 

highest mass loss, while NH2 exhibits the lowest mass loss. A similar trend also can be 

found in sodium hydroxide-sodium carbonate activated mortars of the same dry 

mixtures design. Furthermore, mortars activated by sodium hydroxide present an 

overall higher mass loss compared to the sample activated by sodium hydroxide-

sodium carbonate. These indicate that samples activated by blended activators have less 

content of evaporable water than samples activated by NaOH.  

 Resistance to aggressive carbonation  

The uncarbonated area of mortars by different duration of CO2 penetration is shown in 

Fig. 6.8. As it can be seen, the application of waste glass as part of the binder in slag-

fly ash binders induces the difference of the resistance to carbonation for both for NaOH 

and NaOH-Na2CO3 series. NH1 shows an uncarbonated area of 94.8% after 3 days 

carbonation; this value is reduced to 70.0% after 8 weeks. When the waste glass was 

added as part of binders, NH2 (replacing fly ash), NH3 (replacing slag), and NH4 

(replacing all binder) exhibit the uncarbonated area of 95.9%, 94.7% and 91.9%, 

respectively after 3 days carbonation. After 8 weeks carbonation, they present the 

uncarbonated area of 78.8%, 73.0%, and 73.6%, respectively. This indicates that the 

addition of waste glass as part of binders improved the resistance to carbonation of 

sodium hydroxide activated binder systems.  
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Figure 6.6 Uncarbonated area of samples subjected to various duration of CO2 penetration  

In the comparison to NaOH activated series samples, blended activator-NaOH-Na2CO3 

-activated samples all exhibit a poor performance of resistance to carbonation. Even 

though, the incorporation of waste glass still contributes to an enhancement of the 

resistance to carbonation. The uncarbonated area of slag-fly ash mortar (NC1) only 

accounts for 59.3% after 3 days carbonation curing, and 11.4% for 8 weeks carbonation. 

After the waste glass added as part of binders,  uncarbonated area after 3 days are 

83.3%, 73.6%, and 77.6% for NC2, NC3 and NC4, respectively. The incorporation of 

waste glass enhances the resistance for carbonation significantly at an early age. 

Furthermore, this enhancement also can be observed at a late age, for example, 8 weeks. 

The residual uncarbonated area of NC2 is 51.4%, while 43.0% and 48.0% for NC3 and 

NC4; almost four times the uncarbonated area in waste glass blended binders compared 

to 11.4% of the slag-fly ash binder (NC1) activated by sodium hydroxide-sodium 

carbonate. 

It is interesting to notice that NaOH activated mortars show a significant better 

resistance to carbonation compared to samples activated by NaOH/Na2CO3 during all 

8 weeks of carbonation. However, the NaOH series samples exhibit higher mass loss 

during shrinkage test and a lower strength, which indicates a more porous 

microstructure and less hydration products. Generally, these kinds of samples are 

believed to have a poor resistance to CO2 penetration for ordinary concrete (Gonen and 

Yazicioglu, 2007). Nevertheless, the NaOH series mortars still keep more than 70% 

uncarbonated area after 8 weeks CO2 penetration as shown in Fig. 8 , while less than 

20% for NaOH/Na2CO3 slag-fly ash mortar is uncarbonated. This can be explained by 

several factors. At first, the NaOH type activator shows obviously higher pH than the 

blended activator, which can provide a high buffer capacity to resist the reduction of 

pH induced by CO2 dissolving in the pore solution. It is believed that the decalcification 

of C-S-H only can be observed at low pH (Bakharev et al., 2003). Secondly, 

hydrotaclite-like minerals as the main reaction products in alkali activated slag, it has a 
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layered double hydroxide structure. Generally, the interlayer can incorporate OH-, NO3
-, 

Cl- and CO3
2- (Costa et al., 2012). In some cases, these anions can be replaced by other 

ones, which can provide a capacity for hazardous ions storage (Chen et al., 2015). For 

NaOH activated binders, OH- can be the mainly anions in this structure, and it is 

possible that OH- can be replaced by CO3
2- from CO2 dissolving. During this process, 

additional OH- will be released as the pH buffer. Where as in NaOH-Na2CO3 activated 

binders, OH- has been partially replaced by the CO3
2- from Na2CO3, which results in 

the limitation of buffer capacity. As a consequence, NaOH activated mortars shows 

better ability of carbonation resistance. 

6.3.4 The effects of recycled waste glass on AAM 

 The influence of waste glass addition on reaction kinetics and mechanical 

performance 
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Figure 6.7 The correlation between Na/(Si+Al) and uncarbonated area and between Ca/Si and 

compressive strength 

As detailed above, NaOH/Na2CO3 contributes to the higher mechanical performance at 

the same ages, but lowers the resistance for carbonation compared to NaOH activated 

samples. The incorporation of waste glass powder as part of the binders induces 

significant differences of performances, such as reaction kinetics and products. In the 

present study, waste glass was used as a replacement of slag, fly ash or total binder. 

From the XRF data as shown in Chapter 4.2.1, high dosage of Na2O can be identified. 

When the waste glass was used to replace 20% fly ash in slag-fly ash binder, a higher 

reaction intensity and shorter induction period were observed. In the previous study, fly 

ash was identified to show a much slower dissolution rate at ambient temperature, 

which is caused by a high degree of polymerization of Si and Al in the amorphous phase 

(Chen-Tan et al., 2009). In the results of the heat flow peak in the present study, the 

higher reaction rate corresponds to the additional Si and Na dissolution by replacing fly 
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ash by waste glass compared to the reference sample. However, when waste glass 

replaces 20% of slag or 20% total binder, the induction period is prolonged, as well as 

the reaction intensity. This can be explained by the reduced Ca in binders. In slag-fly 

ash binder systems, higher slag proportion usually induc high reaction intensity and 

cumulative reaction heat, as well as a reduction of setting time (Puertas et al., 2000). 

Subsequently, The strength performance of mortars in this study is primarily related to 

the slag proportion in the mixture and largely unconnected to the activator type. In other 

words, a higher slag proportion results in the higher mechanical performance of slag-

fly ash-waste glass binder system. A slightly lower strength of the waste glass replacing 

fly ash samples was exhibited at 28 days, which may be caused by the reduction of the 

formation of C-A-S-H at late age compared to slag-fly ash binder. In addition, the 

higher Si/Al ratio after the waste glass incorporation may induce the weak peaks of 

cancrinite (a reaction product in NaOH activated slag/fly ash system (Oh et al., 2010)). 

 The influence of waste glass addition on the carbonation resistance  

The additional Si in the pore solution also can induce changes of microstructure and 

capillary tension of pore solution. A small pore size and higher capillary force was 

identified when using additional Si source in binder systems in a previous study (Ye et 

al., 2017), which contributes to a high shrinkage. This agrees with the observation of 

drying shrinkage and mass loss in this study. Generally, drying shrinkage contains 

shrinkage caused by water evaporation and polymerization of reaction. It is interesting 

to notice that NaOH activated slag/fly ash mortar exhibits the lowest drying shrinkage, 

which is expected to have the lowest mass loss. However, the lowest mass loss is 

presented in slag/ (fly ash+waste glass) mortar (NH2 and NC2). At the same time, waste 

glass replacing slag and total binder mortars exhibit a similar trend of drying shrinkage 

as for total mass loss. This indicates that, when the waste glass was used as fly ash 

replacement, the shrinkage caused by chemical reaction is large than the shrinkage 

induced by water evaporation. However, for other samples, water evaporation 

dominates the drying shrinkage. When NaOH/Na2CO3 was used as activator, the glass 

replacing fly ash mortar shows the largest drying shrinkage and the lowest mass loss 

during the test. This proves that the glass as fly ash replacement contributes to a higher 

shrinkage in NaOH/Na2CO3 than in NaOH activated mortars. The higher dissolution 

rate of glass powder in NaOH/Na2CO3 solution than in NaOH solution corresponds to 

the higher reaction degree (Torres-Carrasco et al., 2014), as a consequence, the 

shrinkage induced by chemical reaction is higher. 

The incorporation of waste glass in slag-fly ash binders shows a positive effect on the 

resistance to carbonation as shown in Fig. 6.8. The waste glass in binders in general 
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contributes to a higher carbonation resistance. To investigate the correlation between 

materials composition and the carbonation resistance, the Na/(Si+Al) ratio was 

calculated and shown in Fig. 6.7. There is a linear relationship between the Na/(Si+Al) 

ratio and the uncarbonated area. NaOH and NaOH/Na2CO3 activators were designed to 

contribute the same Na2O% to binders in this study, but the incorporation of waste glass 

in binders also brings an additional Na source to the system. By incorporating soda-

lime glass, the releasing alkali still can provide or keep a high pore solution alkalinity. 

This observation agrees with the study of Shi, who presented that the increasing alkali 

dosage and silicate modulus both result in a high carbonation resistance (Shi et al., 

2018). On the other hand, a small average pore size was observed by applying the 

additional Si source (Ye et al., 2017), which can also provide a positive effect on the 

resistance to CO2 penetration. Furthermore, in some studies, waste glass was seen as a 

sodium silicate based material, that can be used to produce activator in alkali activated 

concrete (Puertas and Torres-Carrasco, 2014; Torres-Carrasco and Puertas, 2017), and 

it was identified to show a similar activation mechanism as water glass (Puertas and 

Torres-Carrasco, 2014). It has been observed that water glass activated concrete shows 

a better performance of carbonation resistance compared to NaOH and Na2CO3 

activators (Li et al., 2017). In general, the incorporation of waste glass in alkali 

activated slag-fly ash binders provides an enhancement of carbonation resistance. 

Nevertheless, a lower mechanical performance caused by the replacement part was 

observed in the case of the lower Ca/Si ratio in the binder composition. 

6.4 Conclusions 

1. Applying waste glass as a 20% replacement of fly ash in ternary alkali activated 

binders induces a slightly higher reaction heat flow peak and shorter induction period 

compared to pure slag-fly ash binders. As a consequence, a shorter setting time can be 

observed. A longer setting period and lower reactivity can be found when the waste 

glass was used to replace 20% of GGBS in binders. 

2. There is no obvious difference in reaction products between waste glass containing 

samples and slag-fly ash samples. However, the peak shift in FTIR results indicate that 

the polymerization degree of C-S-H was improved after the waste glass was added. 

3. Using the waste glass to replace 20% of GGBS results in the largest drying shrinkage 

and mass loss of samples activated by NaOH. By activation of NaOH-Na2CO3, 

applying waste glass to replace 20% of fly ash induces the largest drying shrinkage. 

Overall, both samples containing waste glass contribute to higher drying shrinkage. 
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4. The application of 20% of waste glass in binders induces an improvement of 

carbonation resistance, especially for samples activated by NaOH-Na2CO3. The 

resistance to carbonation can be improved by 316% on average after the incorporation 

of waste glass in slag-fly ash binders activated by NaOH-Na2CO3.  
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Chapter 7 The role of waste glass powder incorporation on 

the carbonation behaviour of sodium carbonate activated 

GGBS mortar 

 

 

 

This chapter investigates the influences of recycled waste glass powder (RGP) on the 

carbonation behaviour of sodium carbonate activated ground granulated blast furnace 

slag (GGBS) mortars. The effect of activator dosages, types and RGP addition on 

resistance to carbonation are evaluated. The results indicate combining sodium 

carbonate and water glass in activator always can enhance the resistance to carbonation. 

Furthermore, the addition of 30% RGP in the GGBS binder system is also beneficial 

for resistance to carbonation. The carbonation shrinkage is reduced after RGP 

incorporation; at the same time, a higher strength performance is observed after 

cabonation. The RGP in sodium carbonate activated GGBS blends shows no influence 

on the species of reaction products. However, after carbonation, the sample containing 

RGP promotes the formation of nahcolite (NaHCO3), while less bound water loss and 

calcium carbonates formation occurs. A high volume of gel pores (<10 nm) is formed 

in the RGP sample compared to specimens only containing GGBS. These properties 

contribute to a better resistance to carbonation for RGP containing sodium carbonate 

activated GGBS mortars. 

 

 

 

This chapter is partially published elsewhere: 

G. Liu, M.V.A. Florea, H.J.H. Brouwers. The role of recycled waste glass incorporation on the 

carbonation behaviour of sodium carbonate activated slag mortar (revision submitted).  
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7.1. Introduction 

In Chapter 7, the incorporation of recycled waste glass in AAM that was activated by 

sodium carbonate resulted in a significant improvement of carbonation resistance. It is 

well known that the resistance to carbonation is the property of most critical concern 

for alkali activated concrete. Compared to OPC, due to the absence of portlandite in the 

alkali activated systems, C-A-S-H is more prone to carbonation as the pH buffer 

provided by portlandite is absent (Bakharev et al., 2001). Many studies have 

investigated the mechanisms of alkali activated concrete carbonation. The presented 

results indicated that the activator types and the chemical composition of binders can 

result in variable reaction products, porosity, microstructure, cracks development and 

strength deterioration. Consequently, the resistance to carbonation can be different 

(Aydın and Baradan, 2014; Bernal et al., 2014, 2013, 2011; Leemann et al., 2015; Shi 

et al., 2018). The sodium carbonate activated GGBS presents the lowest resistance to 

carbonation compared to sodium hydroxide and sodium silicate (Bilim and Duran Atiş, 

2017), which is probably caused by the low alkalinity environment. For sodium 

hydroxide/ silicate blended activators, a high modulus of SiO2/Na2O was reported to 

present a high resistance to carbonation of alkali activated slag (Li et al., 2017; Shi et 

al., 2018). Similarly, the investigation of Chapter 6 indicates that a superior resistance 

to carbonation was achieved in the waste glass containing GGBS/ fly ash mortars 

activated by sodium carbonate/hydroxide (Liu et al., 2019). However, the mechanism 

was not fully explored in the last chapter due to the presence of many influencing 

factors. 

Therefore, in this chapter, only GGBS and recycled waste glass are used for alkali 

activated composites. In addition, sodium carbonate is used as only activator with 

different concentrations. Thus, a clear mechanicsm of carbonation resistance can be 

analysed and discussed. The mechanical performance, reaction products, 

microstructure and shrinkage during carbonation are also measured and discussed.  

7.2. Materials and methods 

7.2.1 Characterization of raw materials 

The recycled waste glass powder (RGP), ground granulated blast furnace slag (GGBS), 

and standard sand used in here are same as Chapter 4. The related characterization 

results have been clearly illustrated in Chapter 4.2.1.  
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7.2.2 Mortar mix design 

The mix design of mortars is shown in Table 7.1. The RGP was used to replace slag in 

the binder with 0%, 10%, 20% and 30% by mass. The water to binder (GGBS+RGP) 

ratio was 0.5 for all mixtures. Two different dosages of sodium carbonate were used as 

activator with an equivalent Na2O% of 3% and 5%, respectively. In addition, to study 

the influence of different initial extra silica source, a commercial water glass (modulus 

Ms = 3.3 and concentration was 36.08%) was used in activator by 5% by mass of binder. 

Then NC5-SS with an equivalent Na2O% of 6.16%, while NC3-SS with an equivalent 

Na2O% of 4.16% were designed. All activators were prepared as solutions before the 

mixing of mortars. The mass ratio of fine aggregates (standard sand 0-2 mm) to 

GGBS/RGP binder was set as 3 for all mortars mixes. In addition, paste samples were 

prepared according to the same procedure as for the mortars. 

7.2.3 Accelerated carbonation test 

Mortars after 180 days of curing were moved to a carbonation chamber (AIRTEMP) 

with a volume of 240 L. A controlled temperature of 25°C and atmospheric pressure 

were adopted. The relative humidity (RH) in the chamber was kept as 65%, and a 

circular flow through CO2 gas with a concentration of 3% by volume of mixed air was 

applied in the chamber continuously during the test. These parameters have been widely 

used in previous studies for carbonation resistance evaluation (Bernal et al., 2013b). 

The cured paste samples were crushed into small fragments (4 mm to 8 mm) and 

subjected to the same period (56 days) of carbonation test as the mortars. 

7.2.4 Test methods 

 Strength performance and carbonation behaviour 

The compressive strength and carbonation depth are determined according to the 

description in Chapter 6.2.2. 

 Characterization of reaction products before and after carbonation 

X-ray diffraction, the thermo-gravimetry (TG), Fourier transform infrared spectroscopy 

(FTIR), SEM and N2 absorption tests and results are described in the Chapter 2.2.2 and 

Chapter 6.2.2. 

 Carbonation shrinkage 

The carbonation shrinkage tests were conducted using prisms of 40 mm × 40 mm × 160 
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mm. After 180 days of normal curing, the specimens were moved to the carbonation 

chamber. Then the length of different mortar samples was measured and recorded for 

56 days. 

Table 7.1 Mix design of mortars (kg/ m3) 

Sample GGBS RGP Fine 

aggregates 

Water Sodium 

carbonate 

Sodium 

silicate 

Na2O 

% 

NC5 501.22 0.00 1503.65 250.61 42.85 0.00 5.00 

NC5-G10 449.81 49.98 1499.36 249.89 42.72 0.00 5.00 

NC5-G20 398.69 99.67 1495.09 249.18 42.60 0.00 5.00 

NC5-G30 347.86 149.08 1490.85 248.47 42.48 0.00 5.00 

NC5-SS 501.22 0.00 1503.65 250.61 42.85 25.06 6.16 

NC3 501.22 0.00 1503.65 250.61 25.71 0.00 3.00 

NC3-G10 449.81 49.98 1499.36 249.89 25.63 0.00 3.00 

NC3-G20 398.69 99.67 1495.09 249.18 25.56 0.00 3.00 

NC3-G30 347.86 149.08 1490.85 248.47 25.49 0.00 3.00 

NC3-SS 501.22 0.00 1503.65 250.61 25.71 25.06 4.16 

7.3. Results 

7.3.1 Carbonation behaviour 

 Carbonation depth  
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(a)                                        (b) 

Figure 7.1 Carbonation depth of different mixtures (a) NC3 series mortars and (b) NC5 series mortars 

(No data after spot means a full carbonation) 

Fig. 7.1 presents the carbonation depth development of sodium carbonate activated 

mortars during the accelerated carbonation test. The maximum carbonation depth that 

can be achieved in prepared samples is 20 mm. The close to linear relationship between 
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depth and square rout of time indicates that the carbonation is a diffusion controlled 

process. It is clearly shown that different binder systems induced a different carbonation 

response of the mortars. The RGP proportion, the amount of activator, and water glass 

addition seem to show significant influence on the resistance to accelerated carbonation. 

It can be seen from Fig. 7.1 (a) that sodium carbonate activated mortars with 3% 

equivalent Na2O all achieved full carbonation before the 28 days test, which achieve a 

carbonation depth of 20 mm. NC3 reaches full carbonation at 20 days, however, the 

addition of RGP in the binder system prolongs the full carbonation duration to 28 days. 

Furthermore, the RGP blended mortars exhibit a gradually decreasing carbonation 

depth at 20 days with the increase of RGP proportion. The NC3-SS exhibits the best 

resistance to carbonation compared to other mortars, which shows the lowest 

carbonation depth at 20 days. On the other hand, as shown in Fig. 7.1 (b), a better  

resistance to carbonation of mortars activated by a higher dosage of sodium carbonate 

activator (with 5% equivalent Na2O) is observed. NC5 and NC5-G10 exhibit a full 

carbonation after 49 days, while NC5-G20 and NC-SS reached full carbonation after 

56 days. It is noticeable that the carbonation depth of NC5-G30 is only 14 mm after 56 

days, which is equal to NC5-G10 at 28 days. It is interesting to notice that NC5-G30 

presents a slower carbonation depth development at a later age (after 28 days) compared 

to NC5-SS. These observations indicate that at first, the high dosage of sodium 

carbonate activator is beneficial to the resistance of carbonation of mortars. Secondly, 

the additional water glass incorporation can help to reduce the carbonation depth 

compared to only using sodium carbonate as activator. Lastly, the incorporation of RGP 

in the binder system can effectively enhance the carbonation resistance of sodium 

carbonate activated GGBS mortars.  

The above results indicate that the carbonation behaviour of sodium carbonate activated 

slag mortars depends on the activator type and binder compositions. The addition of 

water glass as activator also induces an improved performance of resistance to 

carbonation, which has been widely reported (Shi et al., 2018). On the other hand, the 

addition of RGP is expected to change the chemical composition of the binder system. 

A silica-rich material such as fine glass powder addition could modify the alkali 

activated reaction products and enhance the performance of alkali activated concrete 

(Coppola et al., 2019; Hajimohammadi et al., 2018). These will cause a variation in 

mechanical performance and reaction products, as well as resistance to carbonation.  
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 Mechanical performance before and after carbonation 
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Figure 7.2 The strength performance of AAS mortars before and after 56 days of carbonation 

The fact that the mechanical performance of AAS concrete can be influenced after 

carbonation has been reported in many studies. The decalcification of C-(A)-S-H during 

carbonation can result in a loss of cohesion, as a consequence, a strength reduction can 

be observed (Bernal et al., 2010). As it can be seen in Fig. 7.2, the RGP addition in the 

binder system has a slight effect on the strength performance of mortars before 

carbonation. The RGP blended mortars present a comparable or slightly higher strength 

than the reference mortar. After 56 days carbonation, all samples exhibit a variety of 

strength reduction. However, the NC5 series mortars still present a higher residual 

strength compared to mortars of the NC3 series. The increase of alkali dosage in 

activator usually contributes to an increase of strength performance, which is due to the 

high reaction degree of precursors (Bernal, 2015). Furthermore, the high alkalinity also 

contributes to the high resistance to carbonation because of the buffer capacity (Shi et 

al., 2018). These are also confirmed and consistent with the results of this study.  

On the other hand, the addition of RGP until 30% shows no strength reduction for all 

sodium carbonate activated mortars before carbonation. This indicates that the addition 

of RGP has a limited influence on strength performance for normal curing of samples. 

After carbonation, it is interesting to see that the residual compressive strength keeps 

increasing with the RGP proportion in sodium carbonate activated mortars. This 

indicates a low carbonation degree after RGP incorporation, which agrees with the 

observation of carbonation depth. 
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 Shrinkage behaviour during the carbonation 
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(a)                                        (b) 

Figure 7.3 Shrinkage of mortars subjected to accelerate carbonation (a) NC3 series and (b) NC5 series 

In previous research, about normal OPC concrete carbonation, after the CH was 

consumed, the decalcification of C-S-H resulted in a lower Ca/Si ratio. As a 

consequence, the polymerization of Si-O-T chain can be enhanced. Therefore, an 

increase of shrinkage of concrete can result during the carbonation (Chen et al., 2006; 

Matsushita et al., 2004). In the present study, the shrinkage of different mortars during 

carbonation was monitored and recorded. As it can be seen in Fig. 7.3, the activator 

dosage and the waste glass incorporation result in different carbonation shrinkage of 

various specimens. For the high dosage of sodium carbonate activated samples (NC5 

series), the maximum shrinkage is observed in NC5, which exhibits a total shrinkage 

of 7.31×10-4. For low dosage sodium carbonate activated mortars, the maximum 

shrinkage is found in NC3, which achieves a final carbonation shrinkage of 9.72×10-4. 

This indicates that a high activator dosage can effectively reduce the shrinkage during 

carbonation. In other words, the reduced deformation of tested samples also possible to 

result in fewer cracks or pores in high dosage activator activated samples. This also 

contributes to better resistance to CO2 penetration, which also agrees with literature 

(Shi et al., 2018). 

It is clear to see that the RGP addition reduces the shrinkage of all sodium carbonate 

activated GGBS mortars during the carbonation test period. NC3-G30 and NC5-G30 

present a final carbonation shrinkage of 7.9×10-4 and 6.18×10-4, respectively, which are 

reduced by 18.7% and 15.5% compared to the sample without glass powder 

incorporation. In addition, the waste glass incorporation contributes to a slow shrinkage 

increase rate. This observation corresponds with the results carbonation depth. The 

correlation indicates that the fast carbonation shrinkage development induces a fast CO2 

penetration in mortars, which is reflected in a high carbonation depth. Samples 

activated by sodium carbonate/sodium silicate also present a slow shrinkage increment 
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during the carbonation test period, which in turn correlates with the high strength 

performance, the high resistance to deformation. The improvement of carbonation 

shrinkage after RGP incorporation could be caused by the variation of carbonation 

products, which will be discussed in the following sections. 

7.3.2 Carbonation products 

 XRD analysis  
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(c)                                         (d) 

Figure 7.4 XRD patterns of (a) NC3 series samples before carbonation, (b) NC3 series samples after 56 

days carbonation, (c) NC5 series samples before carbonation and (d) NC5 series samples after 56 days 

carbonation (H-hydrotalcite, C- calcite, A- aragonite, N-nahcolite, E- eitelite) 

The XRD patterns of different mixtures before and after carbonation are shown in Fig. 

7.4. Regarding the working of sodium carbonate in alkali activated slag, calcium 

carbonates are formed firstly, for instance, calcite and aragonite (Bernal et al., 2015; 

Kovtun et al., 2015; Yuan et al., 2017). After the consumption of CO3
2-, more OH- is 

produced which increases the pH, the slag starts reacting to form hydrotalcite and C-A-

S-H. In some reports, gaylusite was also observed in only sodium carbonate or sodium 

carbonate-based blended activator activated slag (Yuan et al., 2017). However, in the 

present results, there is no peak of gaylusite, which is because of the long curing age of 
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samples since gaylusite is not stable and will disappear at later age (Ke et al., 2016). In 

general, there is no difference between reaction products for samples activated by 

activator with various concentrations of waste glass incorporation. 

However, after 56 days carbonation, new peaks are present in some samples. For 

sodium carbonate and sodium carbonate/water glass activated slag, the peak of 

hydrotalcite still exists in carbonated samples. The presence of hydrotalcite indicates 

that LDH structure are stable over a large range of pH (Zhi and Guo, 2005). The 

carbonation of C-A-S-H keeps producing calcium carbonates, which explains the 

sharper and more distinct peaks of calcite and aragonite after carbonation. It is 

worthwhile to notice that the small addition (10%) of waste glass as binder shows a 

limited influence on the carbonation products. Nevertheless, when the waste glass 

proportion reaches 30%, significant peaks of nahcolite (NaHCO3) and eitelite 

(Na2Mg(CO3)2) are present in NC3-G30 and NC5-G30. As in previous investigations, 

the carbonation products of AAM, calcite, aragonite, vaterite can be formed during the 

decalcification of C-A-S-H. Furthermore, natron, nahcolite, trona and thermonatrite are 

formed from Na present in the pore solution in different carbonation conditions (Bernal 

et al., 2012). The formation of sodium carbonates after carbonation is mainly due to the 

Na in the pore solution (Eugster, 1966). This indicates that high amount of Na may exist 

in reaction products and pore solution after RGP addition.  

 FTIR analyses 

The FTIR results of selected samples are shown in Fig. 7.5. The peaks located around 

874 cm-1 and 1417 cm-1 are due to the vibration of υ3-CO3
2- and υ2-CO3

2-, respectively 

(Yuan et al., 2017) . In addition, the peak around 874 cm-1 also accounts for the AlO4
- 

groups in the unreacted slag particles (García-Lodeiro et al., 2008). The main peaks 

around 950-970 in mixtures before carbonation are assigned to the formation of C-A-

S-H, which is a typical Si-O asymmetric stretching vibration generated by Q2 units 

(García Lodeiro et al., 2009). The peak around 1640 represents the chemically bound 

water (H-O-H) in hydrated mixtures. 

It is noticeable that NC5-SS shows the same peak at 953 cm-1, which indicates that 

combining sodium carbonate with water glass as activator has no influences on the 

polymerization of Si-O for tested samples. However, a significant shift from 953 cm-1 

to 963 cm-1, and from 953 cm-1 to 967 cm-1 are observed after incorporation of RGP in 

binders. This reveals that the addition of waste glass in binders increases the 

polymerization degree of Si-O in C-A-S-H, which is also observed in the previous study 

(Liu et al., 2019). Furthermore, this observation is more significant in the NC5 series 

than in the NC3 series samples. The high dosage of sodium carbonate in activator is 
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beneficial to produce more OH-, which also promotes the reaction of waste glass 

particles, and then more Si can participate in the formation of C-S-H chains. 
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(c)                                        (d) 

Figure 7.5 FTIR of (a) NC3 series before carbonation, (b) NC5 series before carbonation, (c) NC3 

series after carbonation and (d) NC5 series after carbonation 

After carbonation, the peaks of Si-O in all samples shift to the higher frequency side. 

The bands from 997 cm-1 to 1014 cm-1 in carbonated mixtures are related to a highly 

polymerized Si-O in C-A-S-H gel. This is attributed to the reduced Ca ratio in C-A-S-

H and the formation of amorphous silica gel during the carbonation process. This band 

shifting also was found in carbonated AAM activated by other kinds of activator, e.g. 

NaOH and Na2SiO3 (Shi et al., 2018). The high polymerization of Si-O in RGP 

containing samples before and after carbonation indicates a relatively low Ca/Si ratio 

in reaction products. In some previous research, it has been pointed out that the C-S-H 

formed around the glass particles was rich in Si and Na (Mejdi et al., 2019). 

3.2.3 DTG  

In the case of the significantly higher carbonation resistance of sodium silicate activated 

samples and 30% RGP containing samples, thermogravimetric tests were conducted to 

investigate the phase transition and evolution before and after carbonation (Fig. 7.6). It 
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can be seen that for sodium carbonate activated GGBS/RGP blends, several typical 

decomposition peaks are observed. The first mass loss from 100ºC to 300°C is related 

to the dehydration of C-A-S-H (Burciaga-Díaz and Betancourt-Castillo, 2018). 

Afterwards, the mass loss between 300-400ºC is induced by the decomposition of 

hydrotalcite (Rey et al., 1992). Following the dehydration of hydrotalcite, a weak and 

broad peak around 600ºC is generated by the decomposition of carbonates, for example, 

MgCO3, low crystalline calcium carbonate and amorphous calcium carbonate (Dung et 

al., 2019). The last small mass loss peak around 700ºC is due to the decomposition of 

calcite. These reaction products are also confirmed by XRD (Fig. 7.4). 
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Figure 7.6 DTG of samples before and after carbonation 

After carbonation, it is noticeable that the DTG curves of selected mixtures changed 

significantly. At first, the peaks related to C-A-S-H decomposition in carbonated 

mixtures all decrease. Especially for pure GGBS mortar only activated by sodium 

carbonate, such as NC3 and NC5. When water glass was used as activator, this  

improved slightly. However, the sample containing 30% waste glass exhibits the least 

change in this range, which indicates that the incorporation of waste glass powder 

results in more residual molecular water C-A-S-H gel after carbonation. This also 

explains the higher strength performance of waste glass containing mortar after 

carbonation compared to the references. Another difference after carbonation is  the 
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formation of the large peak around 600ºC. This change is induced by the new formation 

of calcium carbonates and magnesium carbonates from the decalcification of C-A-S-H 

during carbonation. These calcium carbonates are more related to the amorphous or low 

crystalline structure, which is hardly observed in XRD. In addition, the increase of these 

carbonates in 30% waste glass containing samples is limited compared to sodium 

carbonate/water glass activated mixtures. This indicates that the waste glass addition 

may inhibit the formation of calcium carbonates as well as enhancing the resistance to 

the influence of decalcification of C-A-S-H. 

7.3.3 Microstructure 

 SEM 

(a) (b) (c)  

(d) (e) (f)  

Figure 7.7 SEM images (×5000) of samples before carbonation (a) GGBS (b) GGBS+30%RGP (c) 

GGBS+water glass and after carbonation (d) GGBS (e) GGBS+30%RGP (f) GGBS+water glass 

The microstructure images of selected samples before and after carbonation are shown 

in Fig. 7.7. It can be seen that the sodium carbonate activated GGBS sample shows a 

compacted microstructure, as well as the sodium carbonated/silicate activated sample. 

The morphology of reaction products of them are similar, and this kind of 

microstructure also was observed in a related study (Ishwarya et al., 2019). After RGP 

incorporation, the morphology of reaction products exhibits a difference from plain 

GGBS samples. This may be induced by the increasing Na and Si in the reaction 

products as discussed in above sections. The carbonation process results in a 

significantly porous microstructure and cracks in the sodium carbonate activated GGBS 

samples, and the sample activated by sodium carbonate/silicate activator. This porous 

a b c 

d e f 
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structure could be caused by the decalcification of reaction products. However, for the 

RGP blended sample, the morphology of reaction products after carbonation is similar 

to before. This observation confirms the better volume stability of reaction products in 

RGP blends during carbonation, and in agreement with the high resistance to 

carbonation. 

 N2 absorption test 
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Figure 7.8 Gel pore size distribution by calculation of BJH 

The gel pore structures of selected mixtures tested by N2 absorption are presented in 

Fig. 7.8. The microstructure of alkali activated materials can be modified during the 

accelerated carbonation due to the C-A-S-H decalcification and formation of 

carbonation products. It is clear to see that all selected mixtures exhibit a variation of 

gel pore volume refinement after carbonation. As illustrated in the previous discussion, 

the new phases formed in carbonated samples are related to calcium carbonates, for 

example, calcite and aragonite. These carbonation products could fill the pores and 

reduce the volume of larger pores in gel, or even block the pore for CO2 transportation. 

A linear relationship can be observed between carbonation depth and the square root of 

carbonation duration (Li et al., 2019; Liu et al., 2019). For samples containing RGP, the 

peak around 20 nm significantly shifts to 10 nm, which is similar to samples which only 

contains GGBS. As a consequence, the pore volume less than 10 nm is enhanced 

obviously after carbonation for RGP blends. This indicates a strong pore modification 

effect in RGP blends after carbonation compared to sample only containing GGBS, 

which is due to the formation of nahcolite.  
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7.4. The role of RGP during carbonation 

The presented results of this investigation provide the basis for understanding the role 

of waste glass on improving the carbonation behaviour of sodium carbonate activated 

GGBS mortars. The application of RGP results in a comparable strength performance 

as samples containing GGBS only. The mechanical performance of alkali activated 

materials before and after carbonation shows a strong correlation to the total pore 

volume (Gao et al., 2016; Shi et al., 2018). The comparable strength performance 

indicates that the RGP addition induces no significant increase or decrease of total pore 

volume before carbonation. In other words, the improvement of resistance to 

carbonation can be induced only by the variation of reaction products and modification 

of pore distribution after carbonation. From the XRD results, it can be known that the 

incorporation of RGP does not change the reaction products species before carbonation. 

However, it has been reported that the reaction of RGP in an alkaline environments can 

result in Na-rich C-S-H chains (Mejdi et al., 2019). The FTIR indicates that RGP 

addition enhances the polymerization of Si-O-T by providing more Si to the C-(N)-A-

S-H, while reducing the Ca/Si ratio (Zhang et al., 2017). Therefore, the RGP in sodium 

carbonate activated GGBS system could promote the formation of Na rich and low 

Ca/Si C-(N)-A-S-H. On the other hand, the high Na concentration also contributes to a 

higher alkalinity buffer of the pore solution during carbonation (Nedeljković et al., 

2019). At the same time, the carbonation products in RGP blends seem to show more 

bound water and a lower amount of calcium carbonates from DTG results. This also 

confirms a higher resistance to carbonation of C-(N)-A-S-H in RGP samples. 

Furthermore, the nahcolite in carbonated RGP blends has a lower density (2.21g/cm3) 

than calcite and aragonite (2.71g/cm3). Consequently, C-(N)-A-S-H in RGP blends after 

carbonation exhibits better volume stability than samples only containing GGBS. This 

is also proved by the decrease of carbonation shrinkage and DTG. On the other hand, a 

stronger pore refinement occurs promoting the formation of smaller size pores (<10 nm) 

in RGP blends than in only GGBS sample. At a given RH, the water condensation effect 

occurs more easily in such a small pore or tunnel sizes. Water easily blocks these small 

pores, which can further inhibit CO2 transportation (Nedeljković et al., 2019; Shi et al., 

2018). Therefore, less deterioration of microstructure is observed after RGP 

incorporation in sodium carbonate activated GGBS mortars after carbonation, as well 

as a higher residual strength. 

7.5 Conclusions 

1. The resistance to accelerated carbonation of sodium carbonate activated GGBS 
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mortars is significantly improved by the incorporation of RGP, which is even better 

than GGBS samples activated by sodium silicate/ sodium carbonate. For sample 

activated by low concentration of sodium carbonate (3% equivalent Na2O), the time to 

full carbonation is extended after incorporation of 30% RGP from 20 days to 28 days. 

For sample with high concentration of sodium carbonate (5% equivalent Na2O), the 

time to full carbonation is extended after incorporation of 30% RGP from 28 days to 

more than 56 days. 

2. The incorporation of up to 30% RGP in alkali activated GGBS mortars causes no 

obvious strength reduction before the carbonation test. After 56 days of carbonation, all 

samples reduced in strength. However, waste glass powder containing mortars exhibit 

a higher residual strength than references. 

3. The incorporation of RGP as part of binders significantly reduces the shrinkage 

compared to reference samples during the carbonation test, which may reduce the 

potential cracks for CO2 penetration. 

4. After carbonation, the nahcolite formation is only identified in samples containing 

more than 20% RGP, which may induce more clogging of pore connections compared 

to calcium carbonate. 

5. The DTG results indicate that 30% of RGP incorporation reduces the bound water 

loss of C-A-S-H gel after carbonation. At the same time, less mass carbonation products 

are observed after carbonation. This indicates that the intensity of carbonation on gel 

transformation was mitigated after RGP incorporation. 

6. After carbonation, a higher volume of pores smaller than 10 nm is observed in RGP 

blended samples. These small pores may remain saturated during carbonation, which 

can effectively prevent CO2 transportation. 
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Chapter 8 Sodium silicate precursors from recycled waste 

glass for one-part aluminosilicate mortars 

 

 

 

This chapter investigates the use of recycled waste glass, alkali-thermal treated to 

prepare one-part aluminosilicate mortars. The recycled waste glass powder (RGP) is 

treated with NaOH and water at a temperature of 80 °C for 24 hours and then dried at 

105 °C for producing a solid activator. Then the treated RGPs are used to prepare 

ground granulated blast furnace slag-based one-part alkali activated mortars. The 

treated RGPs and the one part binders are characterized by XRD, FTIR and SEM. 

Furthermore, a quantitative analysis of the reaction products of RGP after alkali-thermal 

treatments is conducted by using Rietveld analysis and the PONKCS method. The 

hydration kinetics and mechanical performance of one-part aluminosilicate mortars are 

evaluated by calorimetry and compressive strength test. The results indicate that the 

alkali-thermal treatment of RGPs results in the formation of 2.2% to 45.8% Na2SiO3 

based on the initial effective modulus (EMs) of SiO2/Na2O ranging from 3.0 to 1.0. A 

low EMs promotes the formation of Na2SiO3, with a higher reaction degree of the RGP. 

The treated RGPs can be used as both solid activator and precursor for one-part slag 

mortars. Compressive strengths of 55.8 MPa and 54.9 MPa are observed for samples 

containing RGPs treated with EMs of 1.0 and 1.5, which is comparable to the 

performance of mortar prepared using CEM I 52.5 R. 

 

 

 

This part is partially published elsewhere: 

G. Liu, Y.X. Chen, K. Schollbach, M. V. A. Florea, H. J. H. Brouwers. Low temperature synthesis of 

solid activator from recycled waste glass for one part alkali activated mortars (submitted).  
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8.1 Introduction 

In Chapter 6 and Chapter 7, the application of recycled waste glass as binder in 

conventional two-part alkali activated materials has been discussed, and it is shown that 

the recycled waste glass can effectively modify the properties by introducing the 

additional sodium and silicate to the reaction products. However, the use of highly 

alkaline activator solutions poses an increased safety risk on construction sites (Kovtun 

et al., 2015). Therefore, the concept of ‘one-part’ alkali-activated mortar was proposed 

to reduce the potential hazards, which means ‘just add water’ like for an ordinary 

Portland cement (Duxson and Provis, 2008; Luukkonen et al., 2018; Sturm et al., 2016; 

Sturm, 2018). Generally, the dry mixtures of one-part binders consist of solid alkali-

activator and aluminosilicate precursors, as well as some clay minerals after calcination 

(Abdel-Gawwad et al., 2019, 2018; Peng et al., 2017). Sodium silicate powder is the 

most widely used ingredient in the production of one-part alkali-activated concrete 

(Nematollahi et al., 2015). However, the production of the commercial sodium silicate 

is energy intensive, because it includes a calcination process at 1300~1600 ℃ where 

a mixture of quartz and sodium carbonate is heated (Lazaro et al., 2013). Ma et al. 

investigated the influence of different types of commercial sodium silicate on the 

performance of one-part geopolymer (Ma et al., 2018). For this reason some 

investigations were conducted to replace sodium silicate powder with pre-treated solid 

wastes. Ke et al. investigated thermally treated red mud/NaOH at 800 ℃  for 

preparation of one-part geopolymer, and a compressive strength of 10 MPa was 

observed after 7 days curing (Ke et al., 2015). Adesanya et al. reported that alkali-

treated paper sludge (95 °C for 48 hours) can effectively function as a solid activator in 

slag based one-part geopolymer. The maximum strength achieved was 42 MPa 

(Adesanya et al., 2018). Besides that, by-products rich in silica, such as silica fume and 

rice husk ash were also used to synthesize one-part alkali-activated concrete to achieve 

a better mechanical performance (Hajimohammadi and van Deventer, 2017; P. Sturm 

et al., 2016). 

In previous studies, recycled waste glass was treated to prepare a liquid activator by 

dissolving it in alkaline solutions. Samples activated with material prepared like this 

exhibited better mechanical performance than those prepared with NaOH only (Puertas 

and Torres-Carrasco, 2014a). The reaction products of NaOH activated waste glass 

were mainly sodium silicate gel (Torres-Carrasco and Puertas, 2015). In the alkali 

environment, the dissolution of RGP can reach a high degree at 80 °C, indicating that 

recycled waste glass powder after the alkali-treatment has the potential to be an 

effective silicate precursor to act as activators like solid sodium silicate in one-part 
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alkali-activated slag concrete. However, the existing studies focused on the liquid 

activator preparation from RGP, only few studies have reported the application of 

treated RGP in one-part alkali-activated concrete by using a high temperature fusion 

pretreatment (Vinai and Soutsos, 2019). 

Therefore, in this chapter, recycled waste glass is used as a raw material to produces 

solid activator for one-part alkali activated building materials. An alkali-thermal 

treatment of recycled waste glass powder (RGP) at low temperatures (80 °C) is 

conducted. The effects of the EMs (effective modulus SiO2/Na2O ratio) on the reaction 

products of treated RGPs are investigated by XRD Rietveld analysis combined with the 

PONKCS method, FTIR, and SEM. Afterwards, the evaluation of treated RGPs in one-

part slag mortars is conducted by using calorimetry, thermogravimetry, XRD and 

compressive strength testing. The results of this research contribute to the novel 

application of recycled waste glass as a solid activator in one-part alkali-activated 

concrete. 

8.2 Experiments and methodology 

8.2.1 Raw materials 

The characteristics of recycled waste glass (RGP) and ground granulated blast furnace 

slag (GGBS) have been illustrated in Chapter 4.2.1. 

8.2.2 Methods 

 Pre-treatment of recycled waste glass 

Table 8.1 Mixture design of alkali-thermal treatment 

Sample RGP (g) NaOH (g) Water (g) EMs (SiO2/Na2O) Thermal condition 

T1 20 18 10 1.0 80 ℃, 24 h 

T2 20 12 10 1.5 80 ℃, 24 h 

T3 20 9 10 2.0 80 ℃, 24 h 

T4 20 6 10 3.0 80 ℃, 24 h 

The recipe for alkali-thermal treatment of the as-prepared RGP is shown in Table 8.1. 

The mass of NaOH was calculated to achieve the different EMs (effective modulus of 

SiO2/Na2O).The Na2O in waste glass was not taken into account. Firstly, the NaOH 

pellets and RGP (d50 = 10 µm) were weighed and mixed in a plastic bottle. Then the 

distilled water was added to the mixtures and vibrated until it was homogeneous. 

Afterwards, the bottle was sealed and placed in a oven for 24 hours at 80 °C for the full 

reaction of RGP and NaOH. Afterwards, the mixture was removed from the bottle and 
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dried at 105 °C to remove physical bound water. Finally, the dried mixtures were milled 

into powder as the solid activator for one-part alkali-activated mortars. 

 Mix design of one-part alkali-activated mortars 

The mixture composition of the one-part mortars is shown in Table 8.2. The treated 

RGPs were mixed with GGBS for a homogenous one part dry binder. Then the mortars 

preparation is the same as the normal cement mortars. The water to binder ratio was 0.5 

and the sand to binder ratio was 3, which is the same as standard cement mortar. 

Additionally, an ordinary Portland cement (CEM I 52.5 R) mortar was prepared as 

reference. The mixing of the mortars was carried out by using a 5-litre mixer. At first, 

the dry binder and fine aggregates (standard sand) were mixed for 30 s at low speed. 

Then, water was added and mixed at medium speed for 120 s. Lastly, the fresh mortar 

was filled into a plastic mold (40 × 40 × 160 mm) and covered with plastic film until 

demolding (24 hours). Then mortars were covered with plastic film for storage at 

ambient conditions (25ºC) until test. 

Table 8.2 Mix design for one-part alkali-activated mortar 

Sample Treated RGP (g) GGBS (g) Water (g) Sand (g) 

OPT-1 80 (T1) 320 200 1200 

OPT-2 80 (T2) 320 200 1200 

OPT-3 80 (T3) 320 200 1200 

OPT-4 80 (T4) 320 200 1200 

 Quantification of mineral phases in treated recycled waste glass powder 

Silicon was used as an internal standard (10% by mass) to conduct the Rietveld 

quantification. The quantification itself was done using TOPAS V5. The PONKCS 

method was used to build an hkl phase for unreacted RGP, 100% Si was used to 

determine the normal background. The PONKCS method can be used to distinguish 

different materials of amorphous structure, which has been used to quantify the 

amorphous phases (GGBFS and MK) in previous research (Snellings et al., 2014). The 

methods description has been shown in Chapter 5.2.2.  

 Reaction products characterization 

The related methods of reaction products characterization have been shown in Chapter 

2.2.2, and Chapter 6.2.2. 
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8.3 Results and discussions 

8.3.1 Characterization of pre-treated recycled waste glass powder 

 The influence of alkali-thermal treatment on the mineral phases of RGP  
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Figure 8.1 XRD patterns of treated RGPs 

The XRD patterns of treated RGPs and untreated RGP are shown in Fig. 8.1. It is clear 

that the RGP is a completely amorphous materials, which shows no significant peak. 

After alkali-thermal treatments of RGP, several new peaks emerged. The presence of 

Na2SiO3 in samples indicates that the alkali-thermal treatment of RGP is successful. 

However, the intensity of the Na2SiO3 peaks gradually decreases from T1 to T4, which 

indicates that it is influenced by the EMs during treatment. Na2CO3 and CaMg(CO3)2 

are also observed in all samples. It is possible that the carbonation occurred during the 

sample heating because of contact with the air or because of the presence of impurities 

in the raw materials.   
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Figure 8.2 The main reaction products (a) and pH (b) of alkali-thermal treated RGPs 
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To clearly understand the phase transformation of RGP by the four different alkali 

treatments, the quantification of XRD was conducted by using TOPAS V5 with Si as 

the internal standard. The quantifications of Na2SiO3, Na2CO3, CaMg(CO3)2, 

amorphous phase, and unreacted RGP are shown in Fig. 8.2. As observed the difference 

of EMs during alkali-thermal treatment can significantly influence the reaction of RGP 

and the formation of Na2SiO3. When the EM is 3.0, the unreacted RGP is 49.3%. 

However, when the EM decreases to 2.0 the unreacted RGP reduces to 33.1%. The 

unreacted RGP shows a further reduction to 26.5% and 1.31% when the EM decreases 

to 1.5 and 1.0, respectively. It indicates that the low EMs promote the dissolution and 

reaction of RGP  due to the higher pH of the mixtures, which is also observed in a 

previous study (Puertas and Torres-Carrasco, 2014). The high initial alkali content also 

promotes the formation of Na2SiO3 in the reacted mixtures. As seen from Fig. 8.2, with 

the EMs of 3.0 and 2.0, the T4 and T3 samples contain 2.2 and 8.8% Na2SiO3, 

respectively. A significant increase from 8.8 to 40.7% of Na2SiO3 in the treated RGP 

can be found when the EMs decreases from 2.0 to 1.5. It only increases to 45.8% at the 

ratio of 1.0. Meanwhile, the limited increase of Na2SiO3 and the high Na2CO3 

concentration present in T1 compared to T2 indicates that the alkali dosage is excessive. 

In addition, the amorphous content in T2 is the lowest among all samples. Therefore, 

the optimal dosage of NaOH to modify RGP is the T2 group. The amounts of reaction 

products of RGP also induce the difference in alkalinity as shown in Fig. 8.2 (b). The 

pH of treated RGP keeps increasing from 12.79 to 13.39 with the decreasing ratio of 

the EMs. The increase in pH might be controlled by the amount of sodium silicate after 

alkali treatment. The result indicates that the treated RGPs can not only provide a 

silicate source but also shows a sufficient pH to alkali-activate slag mortars (Fernández-

Jiménez and Puertas, 2003; Živica, 2007). 

 

Figure 8.3 Schematic diagram of alkali-thermal treatment of RGP with various initial SiO2/Na2O ratios 
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Table 8.3 The Na2O from NaOH and RGP in total mass of mixtures (based on Table 8.1) 

Sample EMs Na2O from NaOH 

Na2O in original  

RGP 

Released Na2O from 

reacted RGP 

T1 1.0 14 g 2.9 g  2.9 g (98%) 

T2 1.5 9.3 g 2.9 g 2.2 g (74%) 

T3 2.0 7.0 g 2.9 g 2.0 g (67%) 

T4 3.0 4.7 g 2.9 g 1.5 g (51%) 

A schematic diagram of alkali-thermal treatment of RGP with various EMs is shown in 

Fig. 8.3. The silica network in the amorphous glass structure can be dissolved and 

destroyed in the presence of hydroxyl anions from NaOH solution at elevated 

temperatures during the alkali-thermal treatment. A low EMs ratio means large 

quantities of OH- can break the silica network in RGP, resulting in a low amount of 

unreacted RGP. Besides, an adequate amount of sodium is necessary to form Na2SiO3 

after drying. Conversely, a high EMs yields only a low Na2SiO3 content and more 

unreacted raw RGP. It is worth to notice that an amount of Na also is provided by the 

reacted RGP as shown in Table 8.3. The lower EMs promotes the higher reaction degree 

of RGP, as a consequence, Na in the original RGP is released. This Na from RGP also 

can effectively participate in the formation of reaction products. So, the Na in products 

derives not only from the initial NaOH but also from reacted RGP. At higher EMs more 

high Na/Ca ratio silicate species formed, recognized as amorphous phase in samples, 

showing a possibly low reactivity as activators. The results indicate that the treated 

RGPs not only can provide a silicate source but also show a sufficient alkalinity as 

activator in one-part alkali-activated materials (Fernández-Jiménez and Puertas, 2003; 

Živica, 2007).  

 The influence of alkali-thermal treatments on the silicate network of RGPs 
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Figure 8.4 FTIR of treated RGPs 
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The FTIR spectra of RGPs exhibit a significant difference before and after alkali-

thermal treatment. The original RGP shows a broad hump between 1000 cm-1 and 777 

cm-1. The peak at 777 cm-1 is attributed to the bridged Si-O-Si bending vibration, while 

the hump at 1000 cm-1 is assigned to the Si-O-Si stretching vibration (Burns et al., 1991). 

After alkali-thermal treatment, sharp peaks appeared at around 1429 cm-1, 1028 cm-1, 

960 cm-1, 877 cm-1 and 711 cm-1. Moreover, the intensity of these peaks increases with 

the increasing EMs during alkali-thermal treatment. The newly formed peak at around 

1429 cm-1 is related to the asymmetric stretching vibration of CO3
2-, which is due to the 

presence of Na2CO3 and CaMg(CO3)2 after treatment (Torres-Carrasco et al., 2015). 

The peaks appearing at 1028 cm-1 and 960 cm-1 indicate the asymmetric stretching of 

Si-O-Si (Vafaei and Allahverdi, 2017), corresponding to the unreacted RGP phase.  

The peak at around 877 cm-1 is attributed to Si-O (non-bridging oxygen), which is 

mainly due to the presence of SiO4 monomers (Q0) (Matson et al., 1983). These results 

are in accordance with XRD results indicating the formation of Na2SiO3. Obviously, 

the alkali-thermal treatment of RGP contributes to the shift of the highest peak from 

1000 cm-1 to 877 cm-1 of RGP. It is evidenced that the alkali-thermal treatment is 

efficient in rearranging the silicate network of the original RGP from a bridged Si-O-Si 

network to a non-bridged Si-O-T by alkali attack (Fig 8.3). 

 The influence of alkali-thermal treatments on the morphology of RGPs 

 

  

Figure 8.5 SEM images (×5000) of treated RGPs 
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After the different alkali-thermal treatments of RGPs, the morphology of the RGP 

particles was investigated by SEM as shown in Fig. 8.5. It is clearly observed that the 

RGP particles are covered by the reaction products, and consequently, a rough surface 

can be observed compared to the original RGP. However, there are still some RGP 

particles in T3 and T4 remaining with a smooth surface and sharp edges, which may be 

due to the insufficient amount of NaOH and low reaction degree with alkali. On the 

other hand, almost no smooth surface of unreacted RGP particles can be observed in 

T1 and T2, This observation is consistent with the quantification results. These rough 

surface are most likely corresponding to the crystalized Na2SiO3 and some other 

possible amorphous silicate that has a high in Na/Ca ratio based on the XRD results. 

8.3.2 Reaction kinetics of one-part alkali-activated slag mortars 

 Calorimetry test 
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(a)                                       (b) 

Figure 8.6 (a) The normalized heat flow and (b) cumulative heat of one-part mixtures and reference 

OPC 

The normalized heat flow and cumulative heat of one-part alkali-activated slag (AAS) 

paste and normal OPC paste during the first 7-days hydration are illustrated in Fig. 8.6. 

As observed one-part AAS mixtures exhibit similar hydration stages to OPC. The 

cumulative heat of OPT-1 is comparable to OPC, while the other AAS samples all 

present a lower released heat. Two main peaks are observed for all mixtures at the early 

period. For OPC, the first peak is related to the heat release due to wetting and 

dissolution of cement clinkers. The following exothermal peak is induced by the 

formation of C-S-H and AFm during the early hydration of C3S and C3A (Jansen et al., 

2012). For one-part AAS mixtures, the first peak is caused by the dissolution of sodium 

silicate from the treated RGP, as well as the dissolution of slag due to the increased 

alkalinity. The second exothermal peak is attributed to the heat released during the 

formation of C-A-S-H (Brough and Atkinson, 2002). 
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It is clear in Fig. 8.6 (a) that the location and intensity of the main exothermal peak of 

one-part mixtures are different. OPT-1 exhibits the shortest time (11.8 hours) to reach 

the main heat flow peak, which also has the highest reaction intensity. Meanwhile, OPT-

2, OPT-3 and OPT-4 reach the main hydration peak maximum after 34.8, 42.8, and 

128.2 hours, respectively, with decreasing reaction intensities and cumulative heat. The 

different alkali-thermal treatments of RGP affect the hydration behaviour of one-part 

AAS mixtures. As widely acknowledged, the dosage and type of the activator 

influences the hydration of alkali- activated materials strongly (Živica, 2007). The 

higher sodium silicate/ sodium carbonate content and alkalinity of the RGPs treated 

with lower EMs lead to the increase of hydration rate and intensity of one-part AAS 

mixtures, which is in agreement with the previous studies (Luukkonen et al., 2018). 

Therefore, it is demonstrated that the alkali-thermal treated RGPs are effective as a solid 

activator in the one-part alkali-activated slag. 

8.3.3 Reaction products of one-part AAS mixtures 

 XRD analysis 
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(a)                                      (b) 

Figure 8.7 XRD patterns of one-part AAS mixtures (a) after 7 days curing (b) after 28 days curing (H-

hydrotalcite, C-(A)-S-H- calcium silicate hydrate, C-calcite) 

The reaction products of one-part AAS mixtures after 7 days and 28 days curing are 

shown in Fig. 8.7. The reaction products of different mixtures are similar but with 

different peak intensities. Hydrotalcite is a typical reaction product in alkali activated 

GGBFS, which has a high MgO content. Hydrotalcite is a layered double hydroxide, 

and can influence the durability of alkali activated slag materials (Bernal et al., 2014). 

The presence of calcite is caused by the reaction of Na2CO3 and GGBFS in treated 

RGPs, while the carbonation during AAS mortars preparation is also possible (Liu et 

al., 2019). The broad peak at around 34° is related to the formation of C-(A)-S-H with 

low crystallinity (Liu et al., 2019). These reaction products are typical mineral phases 
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in one-part AAS concrete activated by solid sodium silicate (Luukkonen et al., 2018). 

This indicates that the alkali-thermal treated RGPs can produce the same reaction 

products, i.e. hydrotalcite and C-(A)-S-H in one-part AAS system as standard sodium 

silicate. It is noteworthy that the peaks of hydrotalcite and C-S-H in OPT-4 are lower 

compared to other mixtures. As shown in the characterization of pre-treated RGP, T4 

shows the lowest alkalinity and Na2SiO3 content among all treated samples. 

Consequently, the reaction degree was lower at the same curing age.  

 FTIR analysis 
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Figure 8.8 FTIR spectra of one-part AAS mixtures after 28 days 

The peak from 941~945 cm-1 correspond to the asymmetric vibration of Si-O-T 

(Fernández-Jiménez and Puertas, 2003). The wavenumber of this peak for OPT-1 is 941 

cm-1, and gradually shifts to 945 cm-1 for OPT-4. The slight increase in the wavenumber 

indicates the higher degree of the polymerization of Si-O bonds, caused by the 

formation of C-(A)-S-H that is rich in silica (Liu et al., 2019). However, the extra 

sodium content in the T1 activator compared to the others, probably modifies the C-

(A)-S-H chain, and consequently, induces the variation of Si-O chain structure (García 

Lodeiro et al., 2009). The bands from 1394~1417 cm-1 are related to the symmetric 

vibration of C-O, which is attributed to the calcium carbonate as shown in XRD. The 

hump around 1652 cm-1 and 3380 cm-1 are caused by the H-O-H bands corresponding 

to bending vibration and stretching vibration of physically bound water that exists in 

C-(A)-S-H (Tajuelo Rodriguez et al., 2017). Therefore, the higher the alkalinity of 

treated RGP, the more sodium silicate formed, meaning more polymerized C-(A)-S-H 

is obtained. 
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 Thermal gravimetric analysis 
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Figure 8.9 TG analysis of one-part AAS mixtures after 28 days 

To further understand reaction products, thermal gravimetric analysis (TGA) was 

conducted and compared to normal OPC and the results are shown in Fig. 8.9. The 

OPT-1 shows a total mass loss of 26.88%, while OPT-2, OPT-3 and OPT-4 exhibit a 

total mass loss of 25.23%, 22.81%, and 19.97%, respectively. Meanwhile, the OPC 

sample presents a total mass loss of 24.8%. This indicates that the OPT-1 and OPT-2 

contained a comparable amount of physical bound water as normal OPC. In the alkali 

activated slag system, the bound water is mostly incorporated in the C-S-H or C-A-S-

H phases (Abdel-Gawwad et al., 2019). As can be seen in Fig. 8.10 (b), where the first 

peak between 105-300 °C is related to the dehydration of C-(A)-S-H (Tchakouté et al., 

2016), The higher the EMs for treating the RGP was, the more C-(A)-S-H seems to be 

contained in the sample. The following broad peak from 300~400 ℃ is induced by the 

decomposition of hydrotalcite in the AAS system (Haha et al., 2011). Lastly, a small 

peak at around 700~800 ℃ indicates the decomposition of calcium carbonate (Yuan et 

al., 2017), which further confirms the results shown in XRD.  

8.3.4 Mechanical performance 

The compressive strength of one-part AAS mortars is shown in Fig. 8.10. The standard 

OPC (CEM I 52.5R) mortar shows a compressive strength of 41.9 MPa at 7-days and 

then reaches 51.8 MPa at 28-days. OPT-1, OPT-2 and OPT-3 all present a better 

mechanical performance than OPC mortar at an early age (7 days), reaching 48.2 MPa, 

46.3 MPa and 43.9 MPa, respectively. At 28 days only OPT-1 and OPT-2 achieve a 

compressive strength which is better than the OPC mortar of 55.8 MPa and 54.9 MPa, 

respectively, These results show that the mixtures of alkali-thermal treated RGP/ GGBS 

as a one part geopolymer can provide adequate strength at both early age (7 days) and 

late age (28 days), which is similar or even better than for OPC. The OPT-4 sample has 
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a lower mechanical performance compared to the other AAS mortars, which is due to 

the low amount of Na2SiO3 in T4.  
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Figure 8.10 Compressive strength of one-part alkali activated slag mortars (see Table 8.2) 

8.4 Conclusions 

1. The alkali-thermal treatment of recycling waste glass powder (RGP) results in the 

dissolution of the silica network and the formation of Na2SiO3. The EMs strongly 

affects the amount of Na2SiO3 in RGP after treatment. 40.7% to 45.8% of Na2SiO3 are 

produced at EMs of 1.0 and 1.5, respectively, while only 2.2% to 8.3% for EMs of 2.0 

and 3.0. 

2. The pH of the alkali-thermal treated RGPs increased from 12.79 to 13.39 with the 

decrease of EMs. High amount of added NaOH during treatment leads to a higher 

reaction degree of RGP and more products of Na2SiO3.  

3. The alkali-thermal treated RGPs can be used to produce one-part alkali-activated slag 

mortar. The treated RGPs play the role of both alkali activator and silicate precursor 

due to the presence of Na2SiO3. The calorimetry results indicate that the prepared one-

part AAS binders exhibit a similar heat flow as normal OPC. However, the hydration 

of sample (OPT-4) containing RGP treated with EMs 3.0 (T4) exhibits a slow reaction 

compared to others AAS samples, which is due to the low Na2SiO3 content and low 

alkalinity. 

4. The reaction products of the prepared one part samples are C-(A)-S-H, hydrotalcite, 

calcite and amorphous phase. More reaction products were produced by the samples 

containing RGPs treated at lower EMs.  
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5. The one-part AAS mortars of OPT-1 and OPT-2 show a compressive strength of 48.2 

MPa and 46.3 MPa at 7-days, and 55.8 MPa and 54.9 MPa at 28-days, respectively, 

indicating equal or superior mechanical properties compared to standard mortar 

prepared using CEM I 52.5 R. 
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Chapter 9 Valorization of converter steel slag into eco-

friendly ultra-high performance concrete by ambient CO2 

pre-treatment 

 

 

 

Converter steel slag is a by-product the steel-making process, which usually can only 

be used as aggregates or inert filler in road construction due to the relatively low 

reactivity. However, its mineral composition results in a high reactivity in CO2 rich 

environments. From this chapter, applications of converter steel slag in building 

materials by using CO2 treatment are illustrated. It shows the modification of converter 

steel slag by an ambient CO2 pre-treatment, and the application of modified converter 

steel slag as a supplementary cementitious material (SCM) in the design of eco-friendly 

ultra-high performance concrete (UHPC) using a particle packing model. The results 

show that converter steel slag after ambient CO2 pre-treatment can be used in eco-

friendly UHPC design, achieving a relatively higher compressive strength of over 150 

MPa with a cement substitution between 15% to 45% by volume, compared to non-

carbonated steel slag. The ambient CO2 pre-treatment can modify the physical and 

chemical properties of converter steel slag particles, by producing rough and porous 

surfaces because of the precipitation of calcium carbonate and amorphous silica gel as 

carbonation products. Consequently, the incorporation of carbonated steel slag 

improves the cement hydration, enhance the formation of ettringite and C-S-H, while 

densifying the microstructure compared to non-carbonated slag in eco-friendly UHPCs. 

The leaching of potentially hazardous elements, e.g. Cr and V from carbonated steel 

slag can be efficiently reduced below legal limits in UHPC mixtures.  

 

 

This chapter is partially published on elsewhere: 

G. Liu, K. Schollbach, P. Li, H. J. H. Brouwers. Valorization of converter steel slag into eco-friendly 

ultra-high performance concrete by ambient CO2 pre-treatment (submitted).  
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9.1 Introduction 

Ultra-high performance concrete (UHPC) is a type of concrete which shows a high 

compressive strength (Kang et al., 2018) and an extremely dense microstructure (Verma 

et al., 2016). As a consequence, excellent durability can be achieved (de Larrard and 

Sedran, 1994). The high mechanical performance can efficiently reduce the volume and 

mass of the construction. However, in the UHPC design, to reach an appropriate 

workability, a large amount of cement (900-1300 kg/m3) is usually used (Rossi, 2013). 

This results in a high cost of UHPC compared to normal concrete (Huang et al., 2017). 

Furthermore, because of the low water-to-binder ratio of UHPC, the hydration degree 

of cement is limited (Korpa et al., 2009).Thus, a large quantity of cement remains 

unreacted and acts as micro-filler. For the purpose of reducing costs and increasing 

sustainability much attention is paid to industrial by-products, for instance, ground 

granulated blast furnace slag (GGBFS), fly ash, silica fume and recycled waste glass to 

replace cement in eco-friendly UHPC mixture design (Ambily et al., 2015; Chen et al., 

2018; Ghafari et al., 2016; Kim et al., 2016). The Brouwers mix design method was 

widely applied to optimize low carbon footprint and eco-friendly UHPC (Brouwers, 

2006; Brouwers and Radix, 2005; Li et al., 2019, 2017).  

Recently, some studies indicated that the carbonation of fine steel slag powder can take 

place at ambient conditions and, that the finer steel slag can lead to a higher carbonation 

reactivity (Abdul-baki, 2017; Pang et al., 2016). Furthermore, Huijgen et al. have 

reported CO2 sequestration capacities of about 100–150 g CO2/kg with ground (< 38 

μm) steel slag powder (Huijgen, 2005). These results prove that fine steel slag has a 

potential to store large amounts of CO2 during ambient pressure carbonation treatment. 

Furthermore, an ambient carbonation process also provides the possibility to utilize 

industrial waste gas, which usually contains around 10-20% of CO2 (Taniguchi and 

Yamada, 2017). On the other hand, the other carbonation product of steel slag -

amorphous silica gel has pozzolanic property and can be the reactive mineral 

ingredients during cement hydration. As shown in Chapter 3, SCMs addition provide 

higher mechanical strength in concrete with low water content. Thus, the carbonated 

steel slag powder has a potential to be a new kind of reactive powder as SCM in UHPC 

design. 

In this chapter, CO2 is sequestrated in converter steel slag powder by an ambient 

carbonation pre-treatment. The carbonated and non-carbonated converter steel slag 

powder is used as cement replacement at different volumes (0-60%) to design a low 

carbon-footprint eco-friendly UHPC based on a packing model. To clarify the 

influences of converter steel slag before and after carbonation on the performance of 
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blended UHPC, workability, reaction kinetics, quantification of reaction products, 

mechanical performance, microstructure and environmental impact are tested and 

evaluated. The results from this investigation contribute to improve the high-end 

application and recycling of converter steel slag in eco-friendly and sustainable ultra-

high performance concrete manufacture. 

9.2 Materials characterization and test methods 

9.2.1 Materials 

The cement used in this study was CEM I 52.5 R, which was produced by ENCI, The 

Netherlands. The raw converter steel slag (with fractions of 0-5.6 mm) was provided 

by Tata Steel, IJmuiden, Netherlands. Fine sand (0-0.2 mm) and standard sand (0-2 mm) 

were used as aggregates in UHPC design, and provided by Normensand GmbH. The 

superplasticizer used in this study was polycarboxylic ether based, with a concentration 

of 35%, provided by Sika. The chemical components of steel slag and cement were 

identified by using X-ray fluorescence (XRF. PANalytical Epsilon 3) spectroscopy and 

are shown in Table 9.1. 

Table 9.1 Chemical composition of cement and converter steel slag 

Chemical composition 

(%) 

Converter steel slag 

(%) 

CEM I 52.5 R 

(%) 

CaO 41.55 67.97 

SiO2 11.47 16.19 

Al2O3 2.24 3.79 

Fe2O3 31.35 3.59 

MgO 3.78 1.71 

MnO 4.78 0.09 

TiO2 1.56 0.28 

P2O5 1.30 0.42 

SO3 0.03 4.05 

V2O5 1.14 / 

Cr2O3 0.35 0.01 

Cl 0.01 0.04 

LOI 0.72 0.51 

9.2.2 Preparation and characterization of SS & CSS powders 

The steel slag (SS) used in UHPC design was prepared by using a disc mill (Retsch, RS 

300 XL). Afterwards, the fine steel slag powder was sprayed with distilled water to 

reach a solid to water ratio of 0.1. Then the pre-wetted steel slag powder was moved to 

a climate chamber with a volume of 240 L for ambient pressure carbonation at 25 °C 

for 72 hours. The relative humidity in the chamber was kept at 80%, and circular flow-

through CO2 gas with a concentration of 20% was applied in the chamber continuously. 

After carbonation for 72 hours, no colour was observed after a 0.5% phenolphthalein 
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solution was sprayed on the surface of the carbonated steel slag powder. Finally, the 

carbonated steel slag (CSS) was dried in the oven at 105 °C for 24 hours to remove the 

free-water, then milled for 5 min to break the agglomeration particles. 

9.2.3 Mix design of UHPC mixtures 

In the present study, the reference UHPC mixture was designed based on a packing 

model using the Brouwers method as shown in: 

𝑃(𝐷) =
𝐷𝑞−𝐷𝑚𝑖𝑛

𝑞

𝐷𝑚𝑎𝑥
𝑞

−𝐷
𝑚𝑖𝑛
𝑞                                                        (9.1) 

P(D) is the cumulative fractions of all particles less than size of D. Dmax and Dmin are 

referred to the maximum particle size and minimum particle size in mixture design. q 

is the distribution modulus.The optimal proportion of each raw material was calculated 

to achieve an optimum fit between target curve and composed mix according to: 

𝑅𝑆𝑆 = ∑ [𝑃𝑚𝑖𝑥(𝐷𝑖
𝑖+1) − 𝑃𝑡𝑎𝑟(𝐷𝑖

𝑖+1)]
2

→ 𝑚𝑖𝑛𝑛
𝑖=1                                (9.2) 

Pmix is the designed mix, while Ptar is the target grading calculated from Equation 1. 

The mass of each material in the designed mix are adjusted till an optimum fit between 

Pmix and Ptar, an optimization algorithm based on the Least Squares Method (LSM) 

was conducted during the calculation process. After the optimal design of the reference 

mixture, 15%, 30%, 45% and 60% of the cement was replaced by SS or CSS by volume. 

The water amount of the mixtures was adjusted to achieve a similar flow-ability of 30-

33 cm for all mixes. Recipes of the UHPC mixtures are shown in Table 9.2. 
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Figure 9.1 Particle size distribution of raw materials and optimal UHPC 

The mixing of UHPC was conducted using a 5-liter Hobart mixer. Firstly, the dry 

powders and aggregates were mixed for 30 s at low speed. Then 70% of the total water 
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was added and mixed for another 90 s. After that, the remaining water and 

superplasticizer were added in the mixer for 120 s at low speed and 120 s at medium 

speed. Lastly, the fresh UHPC mixtures were filled into the steel moulds of 50 mm × 

50 mm × 50 mm and covered with a plastic film for 24 hours. After the first 24 h, the 

UHPC samples were demoulded and cured in lime-saturated water until further testing. 

Table 9.2 Mixtures design of UHPC (1 m3) 

Sample 
Cement 

(kg) 

SS  

(kg) 

CSS  

(kg) 

Sand 0-0.2 

(kg) 

Sand 0-2 

(kg) 

Water 

(kg) 

SP 

(kg) 

OPC 925.0 0.0 0.0 287.9 1028.3 177.2 27.8 

SS15 786.3 160.8 0.0 287.9 1028.3 172.2 27.8 

SS30 647.5 321.6 0.0 287.9 1028.3 167.2 27.8 

SS45 508.8 482.4 0.0 287.9 1028.3 162.2 27.8 

SS60 370.0 643.1 0.0 287.9 1028.3 160.9 27.8 

CSS15 786.3 0.0 155.5 287.9 1028.3 177.2 27.8 

CSS30 647.5 0.0 311.0 287.9 1028.3 177.2 27.8 

CSS45 508.8 0.0 466.5 287.9 1028.3 177.2 27.8 

CSS60 370.0 0.0 622.0 287.9 1028.3 177.2 27.8 

10.2.3 Test methods for the performance of UHPC 

 Characterization of reaction products and performance of UHPC 

The reaction kinetics and products characterization methods have been shown in 

Chapter 2.2.2 and Chapter 4.2.2. The XRD quantification has been described in Chapter 

5. 

The compressive strength of UHPC cubes (with a size of 50 mm × 50 mm × 50 mm) 

was tested after 7 days, 28 days and 91 days curing, which was conform to the EN 

12390. An average value was recorded by testing 3 cubes. 

The water demand of SS and CSS were evaluated according to the relative slump flow 

method, which was calculated by using the mini-slump flow test (EN1015-3). Several 

mixes with various water to powder ratios were measured for obtaining a statistically 

reliable trend line (Li et al., 2018). 

 Leaching tests 

To evaluate the influence of steel slag and carbonated steel slag UHPC on the 

environmental impact, a one batch leaching test was performed on the UHPC samples 

after 28 days curing. The cube was crushed to below 4 mm and leaching test was 

conducted by using a dynamic shaker, at ambient temperature, and the leaching 
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conditions were L/S=10, 250 rpm and 24 hours. The leachates were then filtered 

through a 0.017-0.030 nm membrane filter. After acidifying the leachates with HNO3, 

the concentration of elements in the solutions was measured with Inductively Coupled 

Plasma Atomic Emission Spectrometry (ICP-OES) according to the one batch leaching 

test protocol, NEN 6966. 

9.3 Results and discussion 

9.3.1 Characterization of converter steel slag after ambient carbonation 
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Figure 9.2 XRD patterns of converter steel slag after ambient carbonation treatment (B-brownmillerite, 

M-magnetite, C-calcite, a-aragonite, L-larnite, W-wustite) 
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Figure 9.3 The variation of main phases in converter steel slag after ambient carbonation treatment 
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Figure 9.4 FTIR of converter steel slag before and after ambient carbonation treatment 

The mineral composition of SS and CSS are shown in Fig. 9.2. The minerals in SS are 

larnite, magnetite, brownmillerite and wustite, which are typically observed in steel slag 

(Baciocchi et al., 2015). After ambient carbonation treatment, high intensity calcite 

peaks can be identified, while a small amount of aragonite is also present in CSS. By 

using the Rietveld quantification analysis for SS and CSS, the change of main phases 

before and after ambient carbonation are shown in Fig. 9.3.  

It is clear to see a significant reduction of dicalcium silicate from 29% to 12.8% after 

carbonation, while brownmillerite content decreases from 13% to 10%. At the same 

time, the calcium carbonate (including calcite and aragonite) increases from 0.86% to 

19% after treatment. The other phases such as wuestite and magnetite exhibit a 

relatively low reactivity at ambient carbonation conditions and remain largely 

unchanged. Furthermore, the amorphous content increases from 33% to 40% after 

ambient carbonation.  

The reaction of dicalcium silicate is also confirmed in FTIR results in Fig. 9.4. The 

peak around 878 cm-1 is related to the Si-O vibration in dicalcium silicate (larnite) in 

SS. After carbonation, this signal exhibits a huge reduction, while the location of Si-O 

shifts to 1070 cm-1. This is induced by the formation of polymerized silica gel after the 

carbonation reaction of dicalcium silicate phase, which cannot be observed from XRD 

because of the amorphous structure (Zajac et al., 2020). At the same time, new peaks at 

712 cm-1, 873 cm-1 and 1401 cm-1 occur from the presence of C-O in calcium carbonate 

(calcite and aragonite) (Siva et al., 2017). These indicate steel slag powder can be 

carbonated in the ambient temperature and pressure. The Ca-bearing minerals are the 

main reactive phases in converter steel slag during carbonation, while calcium 

carbonate and amorphous silica gel are the main reaction products.  
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 Physical properties 

Table 9.3 Physical properties of materials 

Material Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Specific density 

(g/cm3) 

CO2 uptake 

(g/kg) 

CEM I 52.5R 1.004 0.0089 3.10 / 

SS 1.153 0.0068 3.90 / 

CSS 21.05 0.0298 3.65 107 

  

(a)                             (b) 

Figure 9.5 SEM images of (a) SS particles, (b) CSS paticles 
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Figure 9.6 Water demand of converter steel slag powder before and after ambient carbonation 

The physical properties of components, for example, morphology and water demand, 

effectively determine the workability and performance of designed UHPC. As can be 

seen in Table 9.3, the surface area and pore volume of steel slag  increased 

dramatically after ambient carbonation treatment. This is caused by the reaction of Ca-

bearing phases such as C2S, and the presence of carbonation products. In addition, due 

to the lower density of calcium carbonate compared to dicalcium silicate, the 

carbonation treatment reduced the specific density of steel slag. Furthermore, the rough 

and porous surface of steel slag particles after carbonation also indicates the presence 

of carbonation products as shown in SEM images (Fig. 9.5). Generally, such a porous 

microstructure and high surface area can result in a high water demand, which can 

influence the performance of UHPC. To clarify this, the results of water demand of SS 

and CSS is shown in Fig. 9.6. Indeed, CSS exhibits a higher water demand compared 

Carbonation products 
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to SS, which is attributed to the high surface area and porosity. However, in a 

comparision with our previous research (Li et al., 2018), the water demand of CSS is 

still lower than cement powder even with such a high surface area. This might be due 

to the presence of calcium carbonate on the surface of slag particles after ambient 

carbonation treatment, which can lead to a inter-particle electrostatic replusion in water 

(Bentz et al., 2017). The results in Table 9.2 (mixdesign) also confirms a satisfactory 

flowability of CSS blended UHPC mixtures. 

9.3.2 Early hydration of SS/CSS-UHPC 
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(c)                                      (d) 

Figure 9.7 The heat flow of (a) SS blended binder and (b) CSS blended binder and the cumulative heat 

of (c) SS blended UHPC binders and (d) CSS blended UHPC binders 

To study the influence of SS and CSS substitution on the hydration of different mixtures, 

the calorimeter test was conducted and the results are shown in Fig. 9.7 (a)-(d). For 

steel slag blended UHPC mixtures, SS15 and SS30 present a slight enhancement of the 

intensity of the main peaks to the OPC. Meanwhile, a reduction of the main peak 

intensity and a retardation effect can be observed in S45 and S60. Generally, the 

hydration intensity and the time of the hydration reaction will be influenced by several 

factors, such as the change of the effective water-to-cement ratio, superplasticizer to 
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cement ratio, filler effect and nucleation effect (Lawrence et al., 2003). The reduction 

of the main hydration peak intensity and the increase of time to reach the hydration 

peak in the blended UHPC mixtures were caused by the higher SP to cement ratio 

(Yamada et al., 2000; Zhang and Kong, 2015). However, the normalized cumulative 

heat of SS and CSS blended UHPCs are all higher than OPC after the test period and 

increase with increasing replacement level. This is induced by the dillution effect, 

which increases the effective water-to-cement ratio. As a consequence, cement can 

achieve a higher reaction degree (Shi et al., 2015). 

As can be seen from the calorimeter results of blended UHPC mixtures, SS blended 

samples release slightly more cumulative heat than CSS blends with the same 

replacement ratio. This limited change can be induced by two factors. Firstly, steel slag 

is well known as a highly alkaline solid by-product, which is due to the leaching of Ca2+ 

(Gomes et al., 2016). As a consequence, the reaction intensity could be promoted. 

However, carbonation treatment significantly reduces the larnite content and therefore 

the Ca2+ leaching, as well as the pH (Chang et al., 2018). Secondly, the highly porous 

CSS also absorbs more water which results in a lower effective water amount for 

hydration, which slightly reduces the total heat compared to SS blends at early age. It 

is interesting to notice that the silica gel in CSS shows limited acceleration effect on 

cement hydration at early age, probably because the amorphous silica gel exists in the 

inner layer of CSS particles, which is covered by the calcium carbonate (Librandi et al., 

2019). Consequently, the reaction between silica gel and cement is limited in the first 

days. At high volume replacement ratios (60%), CSS blended UHPC also exhibits a 

clear shoulder after the main hydration peak, which is not present in SS blended samples. 

The shoulder is possibly caused by the formation of hemicarboaluminate and the 

transformation of ettringite (Wang et al., 2018). 

9.3.3 Performance evaluation of SS/CSS- UHPC  

 Compressive strength 

The compressive strength of UHPC incorporating various percent of SS and CSS after 

7, 28 and 91 days curing is shown in Fig. 9.8. It is clearly observed that all samples 

present sufficient strength to be classified as UHPC after the test period except SS45, 

SS60 and CSS60.   

At the very early age (7 days), all SS and CSS blended UHPC mixtures exhibit a poor 

strength performance compared to the reference. Gradual strength reduction occurs 

with increased replacement ratio for both SS and CSS. The lower mechanical 

performance of UHPC at early ages is commonly observed if cement is replaced by 
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other low reactivity SCMs or fillers, for example, fly ash and limestone powder (Huang 

et al., 2017; Zhang et al., 2019). However, Ref, SS15, SS30, CSS15 and CSS30 have 

reached a strength higher than 145 MPa after 28 days of curing. A further increase of 

strength occurs after 91 days. CSS15, CSS30 and CSS45 exhibit a strength of 162 MPa, 

159 MPa, and 150 MPa, respectively, while the reference mixture reaches 156 MPa. It 

should be noted that CSS blended UHPCs show an obviously better strength 

performance than SS blended UHPCs when cement replacement ratios range from 15% 

to 45%. When the cement substitution achieves 60%, a significant strength reduction 

can be observed because of the lack of hydration products (Huang et al., 2017). 
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(a)                                       (b) 

Figure 9.8 Compressive strength of UHPC mixtures 

The above strength results imply that ambient carbonation treatment is effective to 

improve the feasibility of using steel slag in UHPC. Firstly, CSS has a highly porous 

structure, rough surface and a subsequent high water demand compared to SS as shown 

in above results. Therefore, the effective pore water may be reduced, as well as the 

distance between particles, which causes a denser microstructure. A similar observation 

also can be found in concrete containing carbonated recycled concrete aggregate (Xuan 

et al., 2016) and UHPC containing manufactured sand (Yang et al., 2019). On the other 

hand, the rough surface also can provide a strengthened bonding between CSS particles 

and cement pastes. In addition, the water absorbed by CSS particles also can be released 

gradually at a later age and act as an internal curing agent, which can promote the 

further hydration of cement, especially in UHPC. Afterwards, a further strength 

development can be observed at later ages. Secondly, the precipitation of carbonation 

products on the surface of CSS particles also possible serves to enhance the cement 

reaction and modify the microstructure of blended UHPC, which will be discussed in 

the following sections. 
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 Reaction products- Quantification of hydration products 
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Figure 9.9 Quantification of phases by mass in mixtures (a) SS UHPC pastes and (b) CSS UHPC 

pastes after 28 days curing 

The evolution of mineral phases with various cement substitution in the SS and CSS 

UHPC pastes after 28 days hydration is shown in Fig. 9.9. In the SS samples the amount 

of magnetite, wuestite, brownmillerite and C2S increases with the cement substitution 

ratio, because uncarbonated converter slag is composed of these minerals (Fig. 9.2). 

The residual C3S keeps decreasing at the same time, because the samples contain less 

cement, while the enhanced effective water to cement ratio also promotes the hydration 

of cement particles. As a consequence, more C3S phase reacts at higher substitution 

levels as can be seen in Fig. 9.10 (a), where the amount of C3S is normalized by the 

overall amount of cement in the sample. Due to the increase of reaction degree of C3S, 

the portlandite content also increases proportionally as shown in Fig. 9.10 (b). For CSS 

mixtures, the magnetite, wuestite, brownmillerite and carbonate contents increase with 

increasing substitution levels, as these are the major phases of carbonated converter 

slag (Fig. 9.3). The amount of ettringite is overall higher than in the SS samples. This 
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can be explained by the existence of large amounts of calcium carbonate from CSS in 

the hydration system, which can promote the formation of ettringite (Lothenbach et al., 

2008). A similar observation was also reported in the hydration system of OPC-

limestone (Kakali et al., 2000). The second peak in the calorimeter measurement of 

CSS60 also supports this observation.  
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(a)                                      (b) 

Figure 9.10 Normalized content of (a) unreacted C3S and (b) calcium hydroxide by mass of cement 

It is interesting to notice that the unreacted C3S in SS and CSS UHPC pastes all keep 

decreasing according to the increase of cement substitution in Fig. 9.10, which is due 

to the dilution effect after SS/CSS incorporation. However, the incorporation of CSS in 

UHPC mixtures results in a lower C3S content compared to SS. This is likely due to the 

higher water content in the CSS samples compared to SS samples. The porous 

carbonated slag might even act as internal curing. Then the hydration of the cement part 

can be more advanced. In this case a greater amount of portlandite could have been 

expected in the CSS samples compared to SS, but this is not the case. Instead the 

portlandite content shows a limited increase and even a decrease at high substitution 

level, for example 60% in CSS samples compared to SS as shown in Fig. 9.10 (b). This 

indicates that portlandite in CSS samples is consumed in the system and that the 

consumed amount seems to increase with the substitution level. In FTIR result, a 

polymerized silica gel is identified in CSS, which can show a high pozzolanic reactivity 

(Zajac et al., 2020). Consequently, when CSS was incorporated in cement based UHPC 

mixtures, calcium hydroxide from cement hydration can be consumed by the presence 

of amorphous silica gel. Furthermore, the secondary C-S-H can be formed to fill the 

void, this also agrees with the results of compressive strength. 
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 TG analysis 
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Figure 9.11 TG results of UHPC mixtures (a) SS blended samples, (b) CSS blended samples after 28 

days 

The thermogravimetric analysis results for the different mixtures is shown in Fig. 9.11. 

For all UHPC pastes after 28 days curing, three significant decomposition stages can 

be observed. These stages are mainly related to the dehydration of C-S-H, 

decomposition of calcium hydroxide, and decomposition of calcium carbonate 

(Stepkowska et al., 2004).  
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Figure 9.12 Bound water in C-S-H as determined by TG between 105°C to 400°C 

To clarify the influences of SS and CSS on C-S-H formation, the amount of bound 

water in CSH was plotted normalized by mass of cement (Fig. 9.12). It is clear that the 

increase of cement substitution in the SS samples promotes cement hydration, which is 

reflected by the increase of bound water in C-S-H, as well as the formation of 

portlandite and consumption of C3S as discussed in above. The more bound water in C-

S-H gel in CSS samples compared to SS is observed. This indicates that CSS mixtures 

produced more C-S-H by consuming portlandite. The likely reason for this is the fact 
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that the carbonation of C2S in CSS does not only produce calcite, but also amorphous 

silica gel (Huijgen and Comans, 2006). The amorphous silica can exhibits pozzolanic 

reactivity in OPC based UHPC concrete and increase the formation of secondary C-S-

H, which also increases the total amount of water bound in C-S-H (Li et al., 2019; 

Schöler et al., 2015; Yu et al., 2014) and consumes portlandite.  
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Figure 9.13 Pore size distribution of blended UHPC 

Fig. 9.13 exhibits the pore size distribution of selected UHPC samples after 28 days. 

The pore sizes from 5 nm to 300 nm are presented for selected mixtures. The critical 

pore diameter (the peak on the pore size curve, defined as the pore size when reaching 

the highest intrusion rate) of the reference mixture without steel slag occurs at around 

40 nm. When 30% steel slag is utilized to replace cement (SS30), the peak of the critical 

pore diameter is higher, because the dilution effect increases the effective water to 

cement ratio and promotes the formation of porous structures. However, UHPC  

incorporating 30% carbonated steel slag (CSS30) shows a very similar pore size 

distribution to the reference only containing cement, which indicates that the dilution 

effect does not have any negative effect on pore structure, because it will be 

compensated or overcome by the formation of secondary C-S-H from the pozzolanic 

reaction of amorphous silica gel (Li et al., 2019). In other words, the steel slag, 

especially carbonated steel slag could be successfully used to substitute cement in 

UHPC system. However, too much addition of either steel slag or carbonated steel slag, 

e.g. 60%, will significantly weaken the microstructure, by greatly shifting the critical 

pore diameter to larger values (around 50 - 60 nm) due to the lack of cement hydration 

products.  
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9.3.4 Leaching property of SS/CSS-UHPC 

The leaching results of raw steel slags and UHPC mixtures are shown in Table 9.4. The 

leaching of B, Ba, Cr and V are different before and after carbonation of steel slag. B 

leaching increased from 0.199 mg/L to 0.417 mg/L after carbonation, while Cr and V 

leaching increased from below the detection limit to 0.047 mg/L and 12.11 mg/L, 

respectively. On the contrary, the leaching of Ba decreased from 0.236 mg/L to non-

detectable. Thus, the carbonation treatment of steel slag dramatically increases Cr and 

V leaching. C2S in converter slag contains V and Cr (van Hoek et al., 2016), which 

reacts during carbonation and decreases the pH overall, and causes higher V and Cr 

leaching. The newly formed carbonates seem not able to incorporate the V and Cr, either. 

Table 9.4 Leaching of raw materials and UHPC samples 

 B (mg/L) Ba (mg/L) Cr (mg/L) V (mg/L) 

Limit in SQD N.A. 2.2  0.063 0.18 

Carbonated steel slag 0.417 L.D. 0.047  12.11  

Steel slag 0.199 0.236  L.D. 0.005 

OPC L.D. 0.585  0.016  L.D. 

S15 L.D. 0.668  0.006  L.D. 

S30 L.D. 0.549  0.004  L.D. 

S45 L.D. 0.515  0.002  L.D. 

S60 L.D. 0.523  0.001  L.D. 

CS15 L.D. 0.532  0.008  L.D. 

CS30 L.D. 0.413  0.005  L.D. 

CS45 L.D. 0.419  0.004  L.D. 

CS60 L.D. 0.290  0.003 L.D. 

L.D. – lower than the detection limit. SQD – Soil quality decree in Netherlands (L/S=10) 

For the leaching of blended UHPCs, it can be observed that when steel slag and 

carbonated steel slag are used as cement replacement, Ba, Cr and V leaching are 

significantly reduced to below the legislative limit of the Dutch SQD (Soil Quality 

Decree). Generally, ordinary Portland cement can be used to stabilize harmful ions in 

practical constructions. As reported in a previous study of cement based materials, the 

Cr and V can be absorbed in cement hydration products, for example AFt and AFm 

phases (Bonen and Sarkar, 1995). The high pH in concrete pore solution also keeps Cr 

and V in a less soluble state (Santos et al., 2012; van Zomeren et al., 2011). However, 

the concentration of Ba was increased for steel slag and carbonated steel slag blended 

UHPC mixtures, which is higher than that of the raw materials. This indicates that the 

Ba leaching is mostly contributed by the cement (Caprai et al., 2018). This observation 

agrees with the previous investigation that application of carbonated steel slag as 

aggregates in concrete (Bodor et al., 2016). 
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9.4 Conclusions 

1. The dicalcium silicate (C2S) and browmillerite in SS powder are observed to show 

reactivity during ambient carbonation. The CO2 uptake achieves 107 g/kg steel slag. 

The consequent carbonation products – calcium carbonate and amorphous silica gel are 

identified by using XRD and FTIR, respectively. The CSS forms a rough and porous 

surface as presented in SEM image, which is due to the presence of calcium carbonate 

and silica gel as carbonation products. Therefore, CSS powder exhibits a 23.5% higher 

water demand than SS powder. However, CSS and SS blended UHPC samples still have 

a better flow ability than that of the reference OPC sample. 

2. The UHPCs incorporating CSS present a higher compressive strength than SS 

samples when the replacement ratio is below 60%. When cement was substituted by 

15% -45% CSS, compressive strengths between 150 MPa and 162 MPa can be obtained. 

For SS samples, only 15% - 30% steel slag can be applied, which present a compressive 

strength between 150 MPa and 158 MPa. 

3. The XRD quantification results of reaction products indicate that CSS powder 

addition can improve the cement clinker hydration, compared to SS powder. At the 

same time, the reduction of calcium hydroxide content in CSS samples is observed, 

which is due to its reaction with ambient carbonation product- amorphous silica gel. 

The enhanced bound water in hydration products in CSS samples also confirms the 

formation of secondary C-S-H by the pozzolanic reaction of silica gel.  

4. The pore size distribution indicates that CSS contributes to a denser microstructure 

and a smaller critical pore size than SS in UHPCs due to the additional C-S-H formation. 

However, high replacement ratios, e.g. 60% exhibit a negative effect on the 

microstructure development by increasing the critical pore size, which is due to the lack 

of hydration products. 

5. The ambient carbonation treatment of SS powder results in a high leaching of V and 

Cr of CSS due to the decomposition of C2S phase. However, the hydration products and 

dense structure of UHPC can effectively immobilize V and Cr, therefore, the leaching 

results of CSS blended UHPC satisfies the requirement of Soil Quality Decree (SQD) 

in Netherlands. 
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Chapter 10 Recycling and utilization of high volume 

converter steel slag into CO2 activated mortars – the role of 

slag particle size  

 

 

 

 

 

 

In this chapter, a low carbon footprint binders consisting of mass of converter steel slag 

powder (80%) of varying fineness, and normal cement (20%) are applied to produce 

mortars under ambient carbonation. The results indicate that the variation of steel slag 

particle size influences gas transport and CO2 uptake of carbonated steel slag blended 

mortars during the curing period, which affects microstructure, strength, and leaching. 

The application of optimal size range of steel slag (21.75 to 24.13 µm) in blended 

mortars leads to a higher compressive strength (31.21 MPa), CO2 uptake (15.9%), faster 

carbonation rate as well as sustainability efficiency (0.486 MPa/(kg/m3)), which is 

obviously superior compared to the mortars with larger or smaller size of steel slags. 

The leaching properties, especially V and Ca leaching of steel slag blended mortars are 

observed to be strongly influenced by the CO2 uptake, rather than steel slag particle 

size. A green binder system is achieved by both the reduction of cement content and the 

high CO2 uptake by mass of binder.  
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Resources, Conservation and Recycling, 2020, Volume 160, Page 1-9. 
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10.1 Introduction 

In Chapter 9, the potential of converter steel slag as binder after ambient carbonation 

treatment in normal blended UHPC has been discussed. Since the carbonation process 

of converter steel slag results in a reduction of true density, however, the volume 

expansion from the carbonation and hydration of calcium silicate and the precipitation 

of calcite were observed to reduce porosity and increase the bulk density thereby 

contributing to a significant strength development after pressurized CO2 curing (Moon 

and Choi, 2018). In Shao’s study, a combination of poorly crystalline CaCO3 and C-S-

H was confirmed after steel slag carbonation, which also has a potential to provide 

strength (Shao et al., 2013). Furthermore, the hydration products of cement, such as 

calcium silicate hydrates, calcium hydroxide, and ettringite were also identified to be 

reactive with CO2 even at ambient conditions (Jang et al., 2016). Most of the previous 

investigations were carried out using a pressurized and pure CO2 environment for fast 

strength development of steel slag concrete, conditions which add to the embodied 

energy of the products. On the other hand, the carbonation of steel slag is also confirmed 

to take place at ambient pressure and temperature in Chapter 9. This provides a possible 

eco-treatment to activate steel slag blended concrete at ambient condition using CO2. 

At ambient temperature and pressure, the dissolution rate of CO2 is lower and the CO2 

transportation mostly relies on the gas permeability and humidity (Fernández Bertos et 

al., 2004). This process can be influenced by the mix design of the concrete and binder, 

and their particle sizes. It has been confirmed that steel slag particle size controls the 

CO2 uptake ability (Baciocchi et al., 2009). By selecting the optimal steel slag size in 

slurry carbonation, Polettini et al. reported a CO2 uptake of 465 kg/t (Polettini et al., 

2016). As a consequence, the produced carbonation products dominate the pore volume 

development, as opposed to the cement binder hydration. They also control the CO2 

diffusion (Kashef-Haghighi et al., 2015), and influence the strength performance and 

microstructure development. Therefore, a variation of steel slag particle size should 

affect the strength evolution of CO2 activated steel slag concrete, the amount of reaction 

products and leaching properties. However, the particle size effect of steel slag 

carbonation was only investigated in thin-film and steel slag slurries (Polettini et al., 

2016). There is no report related to the steel slag particle size selection in CO2 activated 

production of green concrete building materials available yet. 

Therefore, the objective of this chapter is to manufacture a potential green converter 

steel slag-cement based building material by ambient CO2 curing (298K, 0.2 CO2 atm, 

1 bar, and 65% RH). To this end, different particle sizes of converter steel slag are 

investigated. The optimal selection of steel slag particle size and applying of ambient 
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carbonation help to design concrete with high sustainability efficiency and low energy 

consumption. 

10.2 Materials and methods 

10.2.1 Materials 

The converter steel slag, cement and standard sand have been described in the Chapter 

3.2.1 and Chapter 9.2.1. 

For the purpose of cement replacement the as-received converter steel slag was milled 

into powder using a disc milling (Retsch, RS 300 XL) with a power of 2200W. In order 

to create different particle size distributions the milling durations were varied from 7, 

9, and 11 to 13 minutes (labelled as D1, D2, D3, D4), the particle size distributions are 

shown in Fig. 10.1.  
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Figure 10.1 Particle size distributions of cement, quartz powder, and milled slags 

10.2.2 Application of convert steel slag in sustainable mortars 

The milled slags were used as cement replacement (80% wt.) in mortars and then their 

influence on mortar properties under different curing conditions was evaluated. The 

mixture design and labels of the mortars are shown in Table 10.1. The water to binder 

ratio of the mortars was kept at 0.4, and a standard sand (DIN EN 196-1) with a particle 

size of 0-2 mm was used as aggregate (sand to binder ratio was 3). In the reference 

mortar (QP), quartz powder was used to replace 80% wt. cement.  

10.2.3 Mortar preparation and curing conditions 

The milled slag (or quartz powder) was mixed with cement in a Hobart mixer for 30 s, 
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and then sand was added followed by 30 s mixing. Water was then added to the dry 

mixture and everything mixed for 30 s at medium speed. The fresh mixture was cast 

into moulds (40 mm × 40 mm × 160 mm) and then covered with plastic film for 24 

hours before demoulding.  

Table 10.1. Mixture design of mortars with milled slags (kg/m3) 

Samples  
d50 of steel slag  

or quartz powder 
Cement  Quartz powder Steel slag  Sand  Water 

QP 10.00 μm 100.78 403.12 0 1511.70 201.56 

D1 28.98 μm 106.34 0 425.37 1595.12 212.68 

D2 24.13 μm 106.34 0 425.37 1595.12 212.68 

D3 21.75 μm 106.34 0 425.37 1595.12 212.68 

D4 16.17 μm 106.34 0 425.37 1595.12 212.68 

There were two types of curing conditions applied on the mortar samples: normal 

humidity curing and ambient CO2 curing. 

One batch of mortar samples after demoulding was cured sealed by covering it with 

plastic film and storing it at room temperature before further tests.  

The second batch of mortar samples was cured in a climate chamber at a temperature 

of 25 °C. The relative humidity (RH) in the chamber was kept at 65% with a circular 

flow-through and a concentration of 20% CO2 was applied in the chamber continuously 

for the tests.  

 

Figure 10.2 Schematic of carbonation chamber 
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10.2.4 Mechanical property and hydration/carbonation products 

The strength performance test has been shown in Chapter 3.2.2. The TG, MIP, one batch 

leaching tests have been described in Chapter 9.2.2.  

10.2.5 Evaluation of total CO2 emission and sustainability efficiency 

The CO2 emission of energy consumption during converter steel slag milling process 

was calculated by the power of disc mill and milling duration according CO2 emissions 

from public electricity production (295.8 g/kWh) in EU. The energy consumption of 

the CO2 inlet was selected as 80.7 kWh/ton (Monkman and Shao, 2010). The CO2 

emission from cement, sand, and water production are set as 930 kg/ton, 4 kg/ton and 

0.196 kg/ton, respectively (Li et al., 2019a). The calculation of sustainability efficiency 

was done according to a previous study (Damineli et al., 2010). 

10.3 Results and discussion 

10.3.1 Mechanical properties of mortars  

Table 10.2 Compressive strengths of mortars 

Sample 

Compressive strength (MPa) 

After 

demoulding 

3 days  

CO2 

7 days  

CO2 

14 days  

CO2 

14 days 

hydration 

QP 5.90±0.98 8.91±0.44 10.46±0.49 11.25±0.40 16.68±0.51 

D1 (28.98 μm) 0.20±0.02 3.73±0.22 10.44±1.27 25.44±0.89 10.12±0.32 

D2 (24.13 μm) 0.51±0.02 5.59±1.4 14.99±1.48 30.30±1.25 11.22±1.05 

D3 (21.75 μm) 0.89±0.11 5.46±0.25 13.57±0.97 31.21±1.71 11.35±0.46 

D4 (16.17 μm) 1.26±0.02 6.04±0.35 12.62±1.24 23.41±0.89 16.19±0.66 

The compressive strengths of all mortars are shown in Table 10.2. For all the mortar 

samples cured sealed in plastic, the strength increased with curing time. The mortars 

containing slags showed much lower strength after demolding. Mortars with D1, D2, 

and D3 showed around 30% lower compressive strength after 14 days hydration 

compared to the mortar with inert quartz powder, while D4 was only 3% lower than the 

reference mortar. This result demonstrates that steel slag has very low hydraulic 

reactivity, which is consistent with previous findings (Qiang et al., 2016). It is also 

noticed that the strength of mortars containing steel slag increased with the decrease of 

slag particle size in hydration mortar samples. This may be due to the promotion of 

cement hydration due to the nucleation function of smaller particles (Lawrence et al., 

2003).  
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Regarding the mortars cured under CO2 conditions, it can be seen that all mortars 

showed increased compressive strength with increased curing time, and the mortars 

with steel slags achieved higher compressive strength after 7 days CO2 curing than the 

14 days normal cured samples. In addition, the compressive strength of mortars after 7 

days CO2 curing with steel slags is higher than the one with quartz powder, and their 

14 days carbonated compressive strength is more than 2 times that of reference mortar. 

This observation indicates the specific contribution of steel slag during CO2 curing for 

strength development, implying that steel slag blended mortars can be effectively 

activated under CO2 curing conditions.  
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Figure 10.3. (a) Influence of steel slag particle size on mortar strength and (b) phenolphthalein test of 

mortars after 14 days CO2 curing 

Fig. 10.3 also shows that the effect of the steel slag particle size on strength performance 

at various curing ages. As previously stated, in the hydrated mortar samples, the 

compressive strength of mortar decreased with the increase of slag particle size (Qiang 

et al., 2016) that finer steel slag particles exhibited higher reactivity, while in carbonated 

mortar samples, the mortar strength after 7 days firstly increased and then decreased 

with the increase of particle size. An optimal steel slag particle size value can be 

identified from the correlation between steel slag particle size and compressive strength. 

In comparison with D4 (23.41MPa), D3 exhibits an increase of 33.3% in compressive 

strength after 14 days carbonation, while it is 29.4% and 8.8% for D2 and D1, 

respectively. To further explain the contribution of steel slag and influence of its particle 

size on mortar properties, hydration and carbonation products and microstructures of 

mortars are studied in the followed sections.   
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10.3.2 Determination of hydration and carbonation products  

10 20 30 40 50 60 70

11111
1

1

1

1

1
1

1 6

3
3

3
33

3

3
3

3 2
222

2

44
555

5

5

2 Ka Co

D1

D2

D3

D4

5

54
23 61

7

  

10 20 30 40 50 60 70

1
86

1
11 2 33

33 3

3
222

2

888888

8

88
4

44

2 Ka Co

3 4 8
2

51

5
6

D1

D2

D3

D4

 

(a)                                         (b) 

Figure 10.4. XRD patterns of samples (a) before carbonation, and (b) after 14 days carbonation (1-

larnite, 2-quartz, 3-brownmillerite, 4-portlandite, 5-C3S, 6-wustite, 7-LDH like structure, 8-calcite) 

It can be seen in Fig. 10.4 (a), that there is no significant difference in XRD patterns 

between steel slag blended mixtures after 24 hours hydration. The presence of CH is 

mainly due to the cement hydration (Shi, 2002). The larnite, brownmillerite, and wustite 

are related to the minerals in the unhydrated steel slag. Fig. 10.4 (b) shows the XRD 

patterns of samples after 14 days carbonation curing. Calcite is observed in all 

carbonated samples, while peaks of calcium hydroxide are only present in D4, 

indicating an incomplete carbonation, which is confirmed by the phenolphthalein test 

as shown in Fig. 10.3 (b). The detected calcite in carbonated samples demonstrates the 

activation of steel slag and its carbonation products under CO2 curing conditions. 

10.3.3 Mass change of samples during carbonation 

The mass development of different mortars was measured and is shown in Fig. 10.5. It 

can be seen that the mass development of the reference sample (quartz powder blended) 

consists of two stages. The first stage is related to a high decrease of total mass, then 

the second stage corresponds to a stable period. However, the mass variation of the steel 

slag blended mortars consists of three stages. At first, there is a rapid decrease in mass 

(stage I), after that, a mass increase period can be observed (stage II), that gradually 

reaches a stable period (stage III). 

Once mortars were moved to the carbonation chamber, pore water kept evaporating due 

to the difference of humidity between the inside and the outside of the mortar resulting 

in the mass decrease during the initial several days (stage I), Once the CO2 uptake 

exceeds the water evaporation, the mass change of the mortars shows the profile of 

stage II. In stage II, mineral phases in the blended mortars, such as dicalcium silicate, 

calcium silicate, tricalcium silicate, and C-S-H react with CO2 to form calcium 
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carbonate, amorphous silica gel, or CSH with low calcium content, and new free water 

(Humbert and Castro-Gomes, 2019), which resulted in an increase of mass of the 

sample.  
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Figure 10.5. Mass change of mortars during the carbonation curing 

Generally, these two processes are simultaneous. During the initial days of carbonation, 

the water evaporation process dominates the mass decrease. After that the sample is 

less saturated and connected pores become available for CO2 diffusion. Consequently, 

more carbonation products are formed. The mass increase by carbonation gradually 

exceeds the mass loss by water evaporation. As a result, a turning point is observed, 

and the total mass starts to increase. In other words, the turning point reflects the speed 

of mortar carbonation. As can be seen from Fig. 10.5, the turning points for steel slag 

blended mortars containing slags of larger particle size occurs earlier than those with 

finer slags. Additionally, they reached a stable stage earlier (stage III). This 

demonstrates that a larger particle size of steel slag benefits the carbonation speed 

during CO2 curing of mortar samples.  

The contribution of the different particle sizes of steel slag to the carbonation speed can 

be explained by the initial porosity of mortar samples, and a subsequent decrease in the 

evaporation speed of pore water during the CO2 curing. Moreover, the small pores were 

filled by the newly formed carbonation products. Then the route for CO2 transportation 

was blocked. Thus, CO2 took a longer time to reach the inside of the mortar samples 

containing fine size steel slag.  

10.3.4 CO2 uptake ability 

The thermogravimetric results of the different carbonated samples are illustrated in Fig. 

10.6. The sharp decline of mass in the temperature interval of 550 °C to 800 °C in the 

TG curve is corresponding to the decomposition of calcium carbonates and is used to 
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quantify the carbonation degree of the steel slag samples (Mo et al., 2016). Furthermore, 

there is a minor peak between 400-500 °C for D4, which is related to the decomposition 

of calcium hydroxide. This indicates that residual calcium hydroxide is present. This 

observation agrees with the XRD analysis (almost no calcium hydroxide in D1, D2, and 

D3) and the phenolphthalein test (Fig 10.3b).  
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Figure 10.6 TG results of samples after 14 days CO2 curing 

To evaluate the carbonation rate at different ages, the CO2 uptake was calculated and 

shown in Figure 10.7. The results showed that all samples exhibit an increasing CO2 

uptake with the increase of CO2 curing duration. In addition, the CO2 absorption occurs 

at a constant rate.  

The constant carbonation rate is consistent with the mass loss and subsequent gain 

shown in Fig. 10.7 (b), and confirms that water evaporation dominates over the mass 

gain from carbonation at first. This also agrees with the previous discussion of total 

mass change where D2 reaches the turning point faster. It is clear to see that D4 presents 

a slower CO2 uptake during the whole CO2 curing period. A smaller slag particle size 

shows no positive effect on the CO2 uptake below 24.13 μm for a carbonation duration 

of 14 days. This result may be due to the slow CO2 diffusion in fine steel slag blended 

samples.  

Generally, the carbonation rates of normal concrete exhibit a linear relationship 

between carbonation depth and the square root of time. However, in the present study, 

the carbonation shows a constant rate for all blended mortars even when it has reached 

the sample core. This indicates that CO2 diffusion alone does not control the 

carbonation rate of these steel slag blended mortars. 
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Figure 10.7. CO2 uptake of different cement-steel slag binders 

The CO2 permeability in the concrete sample is dominated by several factors, such as 

humidity, temperature, and pore structure. During early age, free water evaporation 

provides more and more unsaturated pores, which effectively promote CO2 

transportation as a gas. As a consequence, a constant carbonation rate was observed. In 

addition, the reaction of steel slag carbonation needs appropriate internal humidity and 

a necessary water film on the slag surface (Baciocchi et al., 2011). Even though the fast 

water evaporation could provide more pathways for CO2 diffusion, a lack of water on 

the slag surface would slow the carbonation rate. On the other hand, slow water 

evaporation could inhibit CO2 penetration, as well as the carbonation. These 

observations are consistent with the results in Chapter 10.3.3. It is confirmed again that 

the optimal steel slag particle size is a critical factor for the CO2 uptake ability of steel 

slag blended mortars. 

Table 10.3 CO2 emisssion of carbonated steel slag-cement concrete (kg/m3) 

CO2 emission OPCa D1 D2 D3 D4 

Cement 495.59 98.89 98.89 98.89 98.89 

Steel slag (milling) 0 32.24 41.52 50.74 59.97 

Sand 6.39 6.38 6.38 6.38 6.38 

Water 0.04 0.04 0.04 0.04 0.04 

CO2 uptake / -82.95 -84.54 -79.75 -44.45 

CO2 for curing / 0.025 0.025 0.024 0.013 

Total emisssion 502.02 54.63 62.31 76.32 120.84 

Sustainbility efficiency (MPa/(kg/m3)) 0.112 0.466 0.486 0.409 0.194 

a- normal cement mortar from previous study (Liu et al., 2019) 

The CO2 footprints of normal cement mortar and converter steel slag blended mortars 

are evaluated and shown in Table 10.3. The energy of steel slag milling and CO2 gas 

preparation are included. It can be seen that the increase of milling intensity contributes 
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to a gradually increased CO2 emission due to higher energy consumption. This 

increases the total CO2 emission from 54.63 kg/m3 to 120.84 kg/m3. However, the CO2 

uptake ability of steel slag and the high volume cement replacement results in a lower  

footprint of blended mortars than for normal OPC. As a the building material, 

sustainability efficiency reflects the correlation between strength and CO2 emission 

(Damineli et al., 2010). As can be seen, the sustainability efficiency of carbonated 

blended mortars is obviously higher than for normal OPC concrete. D2 shows the 

highest sustainability efficiency of all samples. This indicates that the optimal selection 

of converter steel slag particle size can efficiently help to enhance the sustainability of 

carbonated blends by enhancing strength and CO2 uptake of samples. 

10.3.5 Microstructural property  

To further explain the observed mechanical properties of the CO2-cured mortar samples, 

their microstructures were investigated with SEM and MIP, and the results are shown 

in Fig. 10.8.  
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Figure 10.8. Pore size distribution and SEM of mortars after 14 days carbonation curing (a) cumulative 

pore volume (b) pore size distribution (c) hydrated area (d) carbonated area 

As it can be seen from the MIP results, sample QP shows the highest total pore volume 

(0.0786 ml/g) of all samples, which is due to the fact that quartz powder cannot be 

10 µm 10 µm 
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carbonated, while steel slag does carbonate, filling in the pores (Zhan et al., 2013). 

Comparing the total pore volume of mortar samples with steel slag, it can be seen that 

the sample D4 had the highest total pore volume and the other three showed a slight 

decrease with the increase of slag particle size.  

The pore size distribution of different carbonated mortars is shown in Fig. 10.8 (b). It 

is noticed that there is an additional peak at around 100 nm in D4 (16.17 μm) that is not 

present in the other steel slag samples. This peak is usually observed in cement samples, 

and is characteristic for capillary pores of C-S-H in cement based concrete (Liu et al., 

2019). The presence in D4 indicates that there likely is a coexistence of C-S-H-

hydration and carbonation products, as already identified in Section 9.3.2. In addition, 

the pore volume in this range (around 100 nm) is dramatically reduced in samples with 

a higher carbonation degree, such as D1 and D2. It appears that capillary pores were 

partially refined by the carbonation products in D1-D3. However, when the steel slag 

particle size increased from 21.75 μm (D3) to 28.98 μm (D1), the location of the main 

peak gradually shifts to the larger value. In addition, a small peak was present at 28.98 

μm (D1) steel slag blended mortar. This gradual increase of pore may be caused by the 

poor particle packing of the mixtures. The increase of pore size also correlates with the 

mechanical performance of D1, D2, and D3. The mechanical performance is not only 

controlled by the amount of reaction products but also influenced by the packing of 

mixtures (Brouwers and Radix, 2005).  

10.3.6 Evaluation of leaching properties 

To study the leaching properties of steel slag blended mortars after carbonation a 

leaching test was conducted after 3 days, 7 days and 14 days. The results are shown in 

Table 10.4 and Figure 10.9. 

It can be seen that for all steel slag samples, the leaching of Mg keeps increasing with 

progressive carbonation. At the same time, Ca concentration decreases gradually 

concurrent with the appearance of V in the leachate and a drop in pH. The Al and Cr 

concentration of D1, D2 and D3 also increase until 7 days carbonation. For D4, the Al 

concentration keeps increasing during the whole test duration.  

The correlation between pH and leaching of steel slag blended mortars is shown in Fig. 

10.9, which indicates that the leaching behaviour of samples relies on the pH variation 

and phase assemblage rather than the steel slag particle size difference. In addition, the 

carbonation degree controls the leaching properties by changing the pH. Since 

portlandite and free-lime exist in the binder system before carbonation, a high pH can 

be kept during early carbonation. During the carbonation process, the portlandite from 
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cement and steel slag hydration can serve as a pH buffer, and keep Ca leaching at a high 

level for the first 7 days. On the other hand, the leaching of Mg is limited under these 

condition (Huijgen and Comans, 2006). Regarding further carbonation, once the 

residual portlandite is carbonated and cannot contribute to Ca leaching anymore, the 

pH drops significantly. At the same time, the Mg leaching increases (Baciocchi et al., 

2015). So, the decrease of Ca leaching corresponds with the increase of Mg leaching.  

Table 10.4 One batch leaching results of converter steel slag blended mortars 

Sample  Leaching ions (mg/L)  

 Al Ca Mg Cr V pH 

D1 Before CO2 0.363 156.7 L.D. 0.007 0.006 12.4 

3 days CO2 0.449 157.7 0.002 0.018 0.004 12.47 

7 days CO2 0.671 166.8 0.006 0.069 0.047 12.28 

14 days CO2 0.104 68.6 0.466 0.06 5.522 10.85 

D2 Before CO2 0.334 156.5 L.D. 0.005 0.005 12.4 

3 days CO2 0.442 159.5 0.001 0.02 0.012 12.43 

7 days CO2 0.624 124.7 0.038 0.081 0.753 11.9 

14 days CO2 0.100 64.9 0.547 0.052 6.278 10.7 

D3 Before CO2 0.312 156.5 L.D. 0.006 0.005 12.46 

3 days CO2 0.427 160.1 0.003 0.022 0.013 12.45 

7 days CO2 0.462 163.3 0.004 0.049 0.024 12.39 

14 days CO2 0.099 68.2 0.476 0.05 5.251 10.83 

D4 Before CO2 0.221 156.4 L.D. 0.013 0.001 12.55 

3 days CO2 0.311 159.0 0.005 0.01 0.005 12.5 

7 days CO2 0.264 156.5 0.003 0.034 0.003 12.56 

14 days CO2 0.634 122.7 0.056 0.087 0.447 11.91 

L.D. – below the detection limit. 

The leaching of both Al and Cr increase at first and then decrease with the lowering of 

the pH. The increase of Al leaching can be attributed to the carbonation of AFt and 

AFm formed from cement hydration, while the Cr leachingbehaves like Al. However, 

the leaching of Cr and Al decreases after the pH drops to below 12, which is related to 

the identical amphoteric behavior. A similar result also was observed in previous 

research (Baciocchi et al., 2015). The leaching of V also exhibits a strong correlation 

with pH, being mainly driven by the dissolution behaviour of C2S in steel slag. During 

the early carbonation, the portlandite saturation induces a high Ca concentration and 

high pH in the pore solution. At these conditions of portlandite saturated pore solution, 

the dissolution of C2S is inhibited and the leaching of the V hosted by C2S limited 

(Santos et al., 2012). The increasing CO2 uptake correlates with a decrease of pH as 

shown in Fig. 9. With more advanced carbonation, pH decreases and C2S dissolution 

starts to increase, corresponding with a significant rise in V leaching. This observation 
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agrees with previously published results (Costa et al., 2016). Furthermore, the V 

leaching of crushed mortars after 14 days carbonation in the present study is higher than 

the limit set in the Dutch Soil Quality Decree (1.8 mg/kg). However, the leaching 

properties are influenced by many factors, such as mix design, curing strategy and 

porosity. For example, D4 still exhibits a low V leaching (due to its still high pH), which 

meets the requirement of SQD. So, in future research the influence of mix design and 

porosity on V leaching will be investigated to solve this problem. It is possible to 

improve the V leaching using optimal concrete mix design, as well as the CO2 curing 

process to satisfy the regulation. This should also be investigated in future research. 
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Figure 10.9. The ions leaching and CO2 uptake versus pH of different converter slag blended mortars 

10.4 Conclusions 

1. Ambient CO2 curing is more effective than using normal, humid curing of converter 

steel slag blended mortars in terms of strength development.  

2. There is an optimal mean particle size of 21.75 μm (D3) for steel slag in the present 

study based on strength performance after 14 days carbonation. The compressive 

strength and sustainability coefficiency are found to decrease for both larger and smaller 

steel slag particle sizes. 

3. The mass development of steel slag blended mortars during CO2 curing showed three 

stages. A turning point at the transition from stage I to stage II could be defined, which 

reflects the carbonation speed. The finer the converter steel slag was, the longer the 



 

169 
 

blended mortars needed to reach the turning point. 

4. Between 8 to 15.9% of CO2 can be taken up by the cement - steel slag binder due to 

carbonation, with the slag size of 24.13 μm (D2) showing the highest CO2 uptake after 

14 days CO2 curing. Less carbonation is observed when the slag particle size is finer or 

larger than D2. 

5. The leaching properties of steel slag blended mortars are controlled by the CO2 

uptake, and only indirectly by steel slag particle size. The Cr and V leaching increased 

with progressing carbonation once the pH and Ca concentration of the leachate dropped. 

The highest V leaching was related to the steel slag D2 (24.13 μm), which correlated 

with the highest CO2 uptake and lowest leachate pH after 14 days CO2 curing. 
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Chapter 11 Cement-free steel slag mortars activated by 

ambient CO2/alkali activation 

 

 

 

 

This chapter illustrates the development of cement-free steel slag based green binder 

mortars treated with a combination of alkali activation and CO2 activation. GGBS 

accounts for 10%, 20%, 30%, 40% and 50% in steel slag based mortars by mass, while 

sodium hydroxide solution (2M) is used as activator in the preparation of mortars. The 

results indicate that the cement free steel slag mortars exhibit a quick development of 

strength during 14 days of CO2 activation. The GGBS part provides an initial strength 

of 1.5 to 8.1 MPa after 24 hours alkali activation. The final strength is 37.5 to 44 MPa 

after 14 days CO2 activation. The results of XRD and TG tests reveals that the reaction 

products after the combination of alkali/CO2 are related to different forms of calcium 

carbonates, hydrotalcite and C-S-H. Moreover, the amount of GGBS in the binder 

system contributes to formation of the calcium carbonates with a poor crystallization 

degree, while steel slag prefers to form crystalline calcite after carbonation. The 

investigation in this chapter contributes to the high-end application of steel slag in low 

carbon footprint building materials. 

 

 

 

 

 

This chapter is reproduced from: 

G. Liu, K. Schollbach, H.J.H. Brouwers. Application of converter steel slag for CO2 sequestration in 

alkali activated materials (in preparation).  
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11.1 Introduction 

In Chapter 10, high volume converter steel slag application is investigated in the 

manufacturing of building materials by combining it with normal OPC. It is shown that 

the small amount of OPC can produce an adequate early strength for demoulding. 

However, the calcium hydroxide from the hydration of cement can reduce the C-S-H 

carbonation rate due to its pH buffer capacity, consequently, a slow strength 

development can be observed during carbonation as found in Chapter 10. Compared to 

traditional OPC based building materials, AAM (alkali activated material) exhibits a 

faster hardening behaviour, higher mechanical performance and significantly lower 

carbon footprint (Puertas et al., 2018). Ground granulated blast furnace slag (GGBS) is 

widely used as binder with alkali activation process because of its reactive amorphous 

calcium aluminosilicate structure (Shi et al., 2018). The main reaction product of GGBS 

after alkali activation is C-(A)-S-H (Bernal et al., 2013), which also shows a CO2 

binding capacity during carbonation. Furthermore, compared to hydrated OPC, alkali 

activated GGBS exhibits a low resistance to accelerated carbonation due to the absence 

of calcium hydroxide as shown in previous studies (Chapter 6, Chapter 7 and Li et al., 

2017). In addition, a recent studies reported that accelerated carbonation causes no 

strength reduction when NaOH was used to activate GGBS mortars (Li et al., 2017; Shi 

et al., 2018). Therefore, the NaOH activated GGBS is expected to be an ideal blended 

component to produce cement free mortars for CO2 sequestration. 

As investigated in Chapter 9 and Chapter 10, converter steel slag powder can be 

carbonated at ambient conditions. However, its low hydration reactivity hampers the 

development of green strength as has been confirmed. in order to design a cement-free 

binder for CO2 sequestration, the early hardening behaviour before carbonation should 

be considered for demoulding and transportation. Since alkali activated GGBS exhibits 

a faster hardening process and high strength at early ages, combining alkali activation 

and CO2 activation in a GGBS/steel slag binder deserves to be investigated to produce 

a new cement-free green binder system.  

Therefore, in this chapter, a combined application of alkali activation and CO2 

activation on GGBS/steel slag mortars is investigated. The GGBS is used in the 

converter steel slag based binder in a range of 10% to 50% by mass. The mechanical 

performance, carbonation rate, reaction products, CO2 binding capacity are evaluated 

and discussed. The aim of this chapter is to propose a new method for the utilization of 

converter steel slag in cement-free building materials.  
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11.2 Materials and methods 

11.2.1 Materials 

The chemical and physical properties of used converter steel slag and standard sand 

have been shown in Chapter 9.2.1. The characterization of GGBS and preparation of 

activator have been described in Chapter 6.2.1 and Chapter 7.2.1. 

11.2.2 Methods 

 Preparation of cement free GGBS/steel slag binders for carbonation 

The GGBS and converter slag are used for preparation of cement free binders. The 

amount of GGBS in the binder system is from 10% to 50% labelled G10 to G50 (pure 

steel slag samples cannot be demoulded after 24 hours normal curing, so it is only used 

as a reference sample G0 for reaction products analysis). The water to binder ratio is 

selected as 0.4, while the aggregate to binder ratio is 3. The used activator is 2 M NaOH 

solution. The mix design is shown in Table 11.1. The carbonation conditions are the 

same as described in Chapter 10.2.2. 

Table 11.1 Mix design of cement free steel slag mortars  

Sample GGBS / kg Steel slag / kg Sand / kg Activator / kg 

G0 

G10 

0 

53.27 

532.72 

479.45 

1598.17 

1598.17 

230.14 

230.14 

G20 106.16 424.63 1592.35 229.30 

G30 158.66 370.20 1586.56 228.46 

G40 210.78 316.16 1580.81 227.64 

G50 262.52 262.52 1575.11 226.82 

Activator- 2M NaOH solution 

 Characterization of reaction products and performance evaluation 

The mechanical performance determination of samples has been shown in Chapter 3.2.2. 

Carbonation depth identification has been shown in Chapter 6.2.2. The XRD, TG and 

FTIR tests have been described in Chapter 2.2.2 and Chapter 3.2.2. 
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11.3 Results and discussion 

11.3.1 Mechanical performance  
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Figure 11.1 Compressive strength of cement-free steel slag mortars at different ages 
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Figure 11.2 Flexural strength of cement-free steel slag mortars 

The compressive strength of cement-free steel slag mortars is shown in Fig. 11.1. After 

the first 24 hours normal curing, the compressive strength ranges from 1.5 MPa to 8.0 

MPa with different GGBS/steel slag ratios. The increase of the GGBS proportion in 

mortars contributes to a higher initial strength after demoulding. In the following CO2 

activation, the cement-free mortars exhibit a fast compressive strength development. 

After 7 days of CO2 activation, a compressive strength of 23 MPa to 31 MPa can be 

observed. With prolongued CO2 curing, the compressive strength of mortars shows 

further development. G10, G40 and G50 achieve almost full carbonation after 11 days, 

with a compressive strength up to 39.6 MPa, 38.9 MPa and 40.4 MPa, respectively. The 

compressive strength of mortars reaches 42.6 MPa, 43.9 MPa and 44.0 MPa at 14 days.  
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It is interesting that the flexural strength development differs from the compressive 

strength during CO2 activation as shown in Fig. 11.2. While G30 develops the highest 

flexural strength compared to the other mixtures, however, at the same time, G30, 

together with G20, stay behind in their compressive strength development. This is 

possible induced by a lower amount of micro cracks from carbonation shrinkage as 

shown in Chapter 7. In comparison to mortars with normal curing, CO2 activated 

mortars exhibit an obviously better mechanical performance after 14 days. It can be 

concluded that the combination of alkali/CO2 activated GGBS/steel slag binder is 

feasible to produce building materials with a satisfactory strength performance, and that 

this treatment is more efficient than normal curing by a faster strength development. 

Moreover, these systems show a higher strength compared to the mixtures of Chapter 

10. 

11.3.2 Carbonation depth 
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Figure 11.3 The carbonation depth at different curing ages 

The carbonation depths of mortars were determined by using the phenolphthalein test 

and the results are presented in Fig. 11.3. It is clear that the mix design of mortars 

strongly influences the penetration of CO2. All samples exhibit an increase of 

carbonation depth with the carbonation time. G10 and G50 nearly achieve full 

carbonation after 11 days CO2 activation, while G20, G30 and G40 only carbonate to 

depth of 13.8 mm to 16.0 mm. After 14 days, these mortars still remain only partially 

carbonated, with a carbonation depth from 16.2 mm to 17.0 mm. The development of 

carbonation depth indicates that G30 is the mixture subject to the slowest carbonation 

process among all samples. This indicates that G30 may form the most dense pore 

structure after first 24 hours alkali activation, which inhibits the CO2 transportation. As 

mentioned in Chapter 10, the degree of carbonation relates to the strength development, 

and the steel slag is the main reactive component during the CO2 curing. Furthermore, 
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this observation is also in agreement with the results in Chapter 11.3.2. Consequently, 

the G20 and G30 exhibit a slow increase of strength during activation. However, 

prolongued duration of CO2 activation after 14 days could still enhance the strength of 

partially carbonated samples, for example G20 to G40. In order to clearly understand 

the final CO2 uptake potential of various mixtures, crushed pastes samples subjected to 

14 days carbonation will be discussed in the following sections. 

11.3.3 Reaction products evolution 
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(a)                                       (b) 

Figure 11.4 Reaction products of cement-free steel slag binders after 14 days carbonation (B-

brownmillerite, M- magnetite, C-calcite, L-larnite, V-vaterite, W-wuestite, H- hydrotalcite) 

The characterization of the mineral composition of different mixtures after full 

carbonation is shown in Fig. 11.4. It can be seen that the increase of GGBS proportions 

in the binder system influences the reaction products. For the pure steel slag sample G0, 

the main identified peaks are related to brownmillerite, magenetite, larnite and wuestite, 

which are the unreacted phases of the original steel slag. At the same time, carbonation 

products, for example, calcite and vaterite are observed. After GGBS was introduced 

in the system, peaks of aragonite, and hydrotalcite can be observed. It is well known 

that, alkali activated GGBS is vulnerable to aggressive carbonation due to the absence 

of portlandite compared to normal OPC sample. As the main alkali activation products 

of GGBS activated by NaOH, layered double hydroxide (LDH) can keep a stable 

structure during the carbonation, however, the OH- between the layers can be replaced 

by CO3
2-, leading to the formation of hydrotalcite (Costa et al., 2012). On the other 

hand, the C-A-S-H from alkali activation can be transformed to calcium carbonate, 

alumina-silica gel and free water (Shi et al., 2018). For the converter steel slag in the 

binder system, a limited hydration can take place, at the expense of C2S, and the formed 

C-S-H can be carbonated producing calcium carbonate and silica gel and water. At the 
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same time, C2S also directly shows a high reactivity in the CO2 rich environment to 

form calcium carbonate and amorphous silica gel. This indicate that the products from 

alkali activated GGBS also can play a role of CO2 uptake and that they may contribute 

to strength development at early ages. 

 FTIR  
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Figure 11. 5 FTIR of different mixtures after 14 days carbonation 

To examine the variation in reaction products after CO2 activation, FITR spectrometry 

test was conducted, with results as shown in Fig. 11.5. The peaks related to the reaction 

products are located at 997-1013 cm-1, 714 cm-1, 872 cm-1, 858 cm-1 and 1404-1459 cm-

1. Peaks in the range of 997-1013 cm-1 are induced by the vibration of Si-O in reaction 

products, for example, C-(A)-S-H and amorphous alumina silica gel. It can be seen that 

the increased GGBS in mixtures results in a shift of Si-O to smaller wavenumber. This 

indicates a decrease of polymerization degree of silicate chains with the increase of 

GGBS proportion, which is due to more GGBS becomes less alkali activated, and as a 

consequence less carboanated. On the other hand, a gradually increased intensity of 

peak at 858 cm-1 after carbonation is observed in the samples containing higher GGBS 

after carbonation, which is related to the C-O in aragonite. This observation is in 

agreement with the XRD results. Several calcium carbonate polymorphs can co-exist 

in mixtures, while aragonite is mainly from the carbonation of C-A-S-H. 

 TG and CO2 uptake 

The thermal gravimetric results of selected mixtures are shown in Fig. 11.6. The first 

mass loss before 300ºC is caused by the dehydration of uncarbonated and partially 

carbonated C-(A)-S-H. Then a second mass loss can be observed from 550 ºC to 850

ºC, which is related to the decomposition of various calcium carbonates: calcite, 

aragonite, vaterite and amorphous calcium carbonate (Mo et al., 2016). It is interesting 
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to notice that the increased GGBS proportion in mixtures results in a decomposition of 

calcium carbonates at lower temperature compared to the pure steel slag sample (G0). 

As it is well known, the aragonite and vaterite decompose at lower temperature (550-

680 ºC) compared to calcite (Borges et al., 2009). This indicates that the increase of 

GGBS amount in mixtures promotes the formation of aragonite and vaterite compared 

to pure steel slag sample after carbonation. Additionally, the decomposition of calcium 

carbonates even start from 450 ºC in G50, which may be induced by the existing of 

amorphous calcium carbonate and poorly crystallized calcium carbonate polymorphs.  
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Figure 11. 6 Results of thermo-gravimetric test after 14 days carbonation 
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Figure 11. 6 The TGA-based estimated CO2 uptake of different mixtures after 14 days 

The CO2 uptake of different GGBS/steel slag mixtures is calculated from the mass loss 

between 550 to 850 ºC and shown in Fig. 11.6. It is clear that the progressive 

incorporation of GGBS keeps reducing the CO2 uptake of mixtures. The highest CO2 

uptake is observed in G0, which accounts for 15% per gram of dry binder. Then it 

decreases to 13.4% after 30% GGBS was incorporated. A significant decline is 

observed if more GGBS is used (40% and 50%). This correlates with the reduction of 

the steel slag proportion, but it can also be influenced by the reaction products from 

activated GGBS. 
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Figure 11. 7 CO2 uptake by steel slag and activated GGBS after 14 days carbonation 

To investigate the contribution of CO2 uptake ability from GGBS and steel slag, it is 

assumed that the carbonation degree of steel slag in different mixtures is same as in G0, 

then the CO2 uptake by alkali activated GGBS can be roughly estimated and shown in 

Fig. 11.7. It can be seen that the steel slag accounts for the most of CO2 uptake in 

blended mixtures, between 78% to 96%. On the other hand, the CO2 uptake by GGBS 

gradually increases from 4% to 22% with a GGBS proportion from 10% to 30%, then 

it decreases to 8% when 50% of GGBS was used. This is caused by the different alkali 

activation reaction degree of GGBS, as well as the carbonation degree of activated 

GGBS.  

 

Figure 11.8 Reaction process of combining alkali activation and CO2 activation 

The reaction process of combining alkali activation and CO2 activation in GGBS/steel 

slag based green binders is shown in Fig. 11.8. The fresh mixtures contains steel slag 

and GGBS particles, as well as a large volume of pore saturated with alkali solution. 

After the first 24 hours alkali activation, the reaction products such as C-A-S-H and 

LDH from reacted GGBS fill the pores, binding the particles and resulting in the early 

strength of the specimens. However, during this period, the reaction of steel slag is 



 

180 
 

relatively limited. Afterwards, the samples are moved to the carbonation chamber for 

CO2 activation. As shown in Chapter 9 and Chapter 11, the converter steel slag exhibits 

a high reactivity in a CO2 rich environment, so the C2S phase in converter steel slag 

starts to react with CO2 dissolved in pore solution. Consequently, the carbonation of the 

C2S phase produces a silica rich inter layer and calcium carbonates outer layer. During 

this process, the pore volume is further decreased and the mechanical performance is 

enhanced. At the same time, the reaction products from alkali activated GGBS also start 

to carbonate. The LDH absorbs CO3
2- into the layer and releases OH- to the pore 

solution to form hydrotalcite, which acts as a buffer for pH change. However, after the 

LDH is saturated with CO3
2-, the dissolution of CO2 in the pore solution keeps 

decreasing its pH, so the C-(A)-S-H gel starts to decalcify and forms calcium carbonates 

on the outer layer of alkali activated products.  

Therefore, the amount of CO2 sequestrated by GGBS can be controlled by the reaction 

of GGBS in previous normal curing period, as well as the GGBS proportion in mixtures. 

The decreased CO2 uptake by GGBS in G40 and G50 indicates a limited reaction degree 

compared the GGBS in other samples. This is probably induced by the low activator 

concentration (2M), which cannot provide enough alkali for the reaction of GGBS. At 

last, the limited reaction degree of GGBS only provides low amounts of C-A-S-H and 

LDH for carbonation.  

11.4 Conclusions 

1. The incorporation of GGBS provides cement-free mortars with a sufficient early 

strength for demoulding after the first 24 hours of activated curing. The steel slag 

powder contributes to a fast strength development during CO2 activation. The 

compressive strength of cement-free mortars reaches 37.4 MPa to 44 MPa after 14 days 

CO2 activation. 

2. The reaction products of mixtures after alkali/CO2 activation are aragonite, vaterite, 

calcite and amorphous alumina silica gel. In samples containing high amount of GGBS, 

the hydrotalcite can also be observed. 

3. The TG results indicate that the incorporation of GGBS results in the formation of 

poorly crystalized calcium carbonates and possibly amorphous calcium carbonate from 

the carbonation process of C-A-S-H of activated GGBS. 

4. The CO2 uptake of achieved with these cement-free binders is 8% to 14%. The steel 

slag carbonation contributes to over 79% of CO2 binding capacity andless than 21% 
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CO2 binding capacity comes from reacted GGBS. The reaction degree of GGBS may 

influence the CO2 uptake ability of the mixtures. Furthermore, for the cement-free 

mortars both the strength performance of cement-free mortars is better and the 

carbonation speed higher than of the OPC-steel slag mortars of in Chapter 10. 
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Chapter 12 Conclusions and recommendations 

12.1 Conclusions 

Cement is the most widely used material for the production of buildings worldwide. 

Huge energy and natural resources are consumed by the cement industry. Due to these 

environmental and sustainability concerns, blended cement containing supplementary 

cementitious materials (SCMs) is getting much more attention in recent years. The 

incorporation of SCMs in the production of building materials can effectively reduce 

the dependence on normal cement, at the same time, SCMs from industrial and 

domestic wastes are also recycled in a high-end application. Furthermore, other 

methods for producing cement-free and low carbon footprint building materials have 

been developing for years, for example, alkali activated and CO2 activated materials. 

Cement-free and low carbon footprint building materials even provide a chance to 

totally replace cement-based materials in some cases. Solid wastes can be effectively 

utilized as building materials provided appropriate methods are applied such as 

hydration, alkali activation and carbonation, depending on the chemical and physical 

chacter of the waste material. Recycled waste glass is mostly generated from domestic 

waste, processing a highly amorphous structure and high content of SiO2 as well as Na. 

These characteristics make it feasible to be an SCM in blended cement due to its 

pozzolanic reactivity. On the oppsite end, steel slag is a highly crystalline material with 

a well-crystallized structure drived during its solidification process. The existence of 

calcium silicate phases, mainly C2S, give it some hydraulic reactivity. However, the 

relatively high reactivity of calcium silicate phases in a CO2 rich environment provides 

a more suitable application by using CO2 activation rather than normal hydration for 

production of low carbon footprint materials. The main conclusions from this thesis and 

the recommendations for future research and study are summarized as follows: 

12.1.1 Recycled waste glass as an ingredient in blended cement hydration 

Chapter 2 to Chapter 5 focus on the recycled waste glass powder (RGP) as SCM with 

high volume replacement in normal cement and blended cement-based materials. The 

reaction kinetics, reaction products, microstructure and durability are evaluated and 

discussed. The recycled waste glass blended cement exhibits better workability due to 

the morphology of the glass powder particles. The dissolution of waste glass can release 

Na in the pore solution, consequently, the hydration of clinker can be enhanced. 

However, a longer setting time for recycled waste glass blended cement is noticed 

related to the limited reaction of recycled waste glass at early ages. Therefore, high 
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volume recycled waste glass blended cement mortars exhibit a lower compressive 

strength compared to pure cement samples. Nevertheless, the highly effective water to 

cement ratio and the pozzolanic reaction of recycled waste glass contributes to a further 

strength development at later ages in these blended cement mortars. By reducing the 

initial water in the mixtures, the compressive strength contribution from recycled waste 

glass can be significantly enhanced. On the other hand, the weak structure at early ages 

is accompanied by a higher drying shrinkage. Due to the pozzolanic reaction of recycled 

waste glass in hydrated cement samples, the microstructure and even ITZ of mortars 

are observed to be modified in blends with high volume SCMs (GGBS and FA).  

The incorporation of recycled waste glass in high volume GGBS or FA blended cement 

can effectively improve the resistance to rapid chloride migration and mechanical 

performance of ternary cement blends. The Na dissolution from recycled waste glass 

can result in an increase of pH, of which, in turns, the reaction of GGBS and FA benefit. 

On the other hand, the high SiO2 content in waste glass promotes secondary C-S-H 

formation via pozzolanic reaction, as a consequence, the volume of pores between 10 

– 100 nm can be densified, restricting the transport properties, resulting in an enhanced 

resistance to chloride penetration. By using PONKCS and Rietveld methods, it is found 

that the reaction degree of recycled waste glass in blended cement is controlled by the 

cement replacement ratio. The theoretical Ca/Si and (Na+Ca)/Si ratio in the reaction 

products are influenced by the reaction degree. A higher reaction degree of glass 

particles seems to induce a low Ca/Si and (Na+Ca)/Si ratio. We find that an amount of 

0.38 to 0.62 mole of calcium hydroxide is consumed by every mole of waste glass, 

while 1 to 2.5 mole water is combined in the reaction products in the presented results. 

12.1.2 Recycled waste glass as a binder in alkali activated materials 

From Chapter 6 to Chapter 8, the recycled waste glass forms part of an alkali activated 

binders systems in blends containing GGBS and FA. As a silica-rich material, RGP can 

play a role as the amorphous silica source to form (N)-C-(A)-S-H during alkali 

activation. The addition of recycled waste glass in GGBS/FA systems usually increases 

the avilaiable silica in raw mixtures, while at the same time, the Ca/(Si+Al) ratio in 

reaction products can be decreased. This change is accompanied by  increased of Si-

O polymerization during alkali activation, observed as a shift to higher wavenumbers 

in the FTIR spectra. In addition, the incorporation of recycled waste glass is 

accompanied by an increase in total shrinkage for NaOH/Na2CO3 activated GGBS/FA 

binder systems with a slight decrease in the strength performance at 28 days. However, 

a significant improvement of resistance to aggressive carbonation.  

A reaction between alkali activated materials and CO2 is of much concern because the 
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carbonation reaction can directly modify the C-(A)-S-H and cause the deterioration of 

strength and durability. As noticed, after activation by a nearly neutral activator such as 

Na2CO3, GGBS samples exhibit a poorer resistance to carbonation compared to NaOH 

activation due to the lower alkalinity and presence of CO3
-2 instead of OH- in LDH. The 

addition of recycled waste glass in Na2CO3 activated GGBS mortars enhances the 

resistance to carbonation by modifying reaction products and microstructures without 

strength reduction. The resistance is even better than for commercial water glass 

incorporation. The carbonation shrinkage is reduced after RGP incorporation; at the 

same time, a higher strength performance is observed. The RGP in sodium carbonate 

activated GGBS blends shows no influence on the species of reaction products. 

However, after carbonation, the sample containing RGP promotes the formation of 

nahcolite, while less bound water loss and calcium carbonates formation are found. A 

high volume of gel pores (<10 nm) is formed in the RGP sample compared to specimens 

only containing GGBS. These properties contribute to a better resistance to carbonation 

for RGP containing sodium carbonate activated GGBS mortars. 

Based on the alkali activation products (similar to sodium silicates) of recycled waste 

glass, an alkali-thermal pretreatment at low temperature is conducted. Afterwards, the 

treated waste glass is successfully applied as one part solid activator and binder in 

alumina-silicate mortars with GGBS. The mechanical performance of prepared mortars 

is comparable to cement mortar made using CEM I 52.5 R at both early and late ages. 

It is interesting to notice that the main reaction product of recycled waste glass after 

alkali-thermal treatment is Na2SiO3, which is the main component of commercial water 

glass. The various initial effective modulus (EMs) in treatment results in the formation 

of different products, for example, the amount of Na2SiO3 in treated blends. A low EMs 

promotes the formation of Na2SiO3, with a higher reaction degree of the recycled waste 

glass. The compressive strength of one part mortar containing treated blends with EMs 

1.0 achieves 55.8 MPa after 28 days. The treated recycled waste glass can be a low 

price and low energy consumption alternatives for commercial water glass in one part 

concrete preparation. 

12.1.3 Converter steel slag composites in CO2 activation 

Chapter 9 to Chapter 11 focus on the application of converter steel slag in sustainable 

and low carbon footprint building materials by CO2 pre-treatment and CO2 activation. 

The carbonation products of converter steel slag at ambient conditions are various 

calcium carbonate polymorphs: calcite, aragonite, vaterite and even amorphous calcium 

carbonate. Besides these carbonates, as part of the carbonation reaction of the calcium 

silicate phases in steel slag, a silica gel forms poessing an amorphous structure and 
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presenting a highly pozzolanic reactivity similar to nano-silica and silica fume. This 

makes carbonated converter steel slag an attractive option as SCMs in eco-ultra high 

performance concrete (UHPC) design, with additional bonus of sequestrated CO2 in 

addition to cement replacement as part of eco-UHPC.  

Due to the precipitation of calcium carbonates and silica gel on the surface of CO2 

treated steel slag particles, clinker phase hydration, for example, C3S, can be improved. 

In addition, the formation of ettringite is promoted. Furthermore, the silica gel can react 

with calcium hydroxide from cement hydration, forming secondary C-S-H, which 

improves the binding between the hydrated cement and carbonated steel slag particles. 

As a consequence, 45% of cement can be replaced by carbonated steel slag in eco-

UHPC, and the strength achieved can still be more than 150 MPa. Particularly, the V 

and Cr leaching from carbonated converter steel slag can be effectively remediated with 

the C-S-H and AFm from cement hydration. It can be concluded that converter steel 

slag after carbonation treatment exhibits a better performance than before in eco-UHPC. 

The CO2 not only can improve the properties of steel slag powder but can also activate 

high volume steel slag based mortars at ambient curing conditions. By combining 20% 

of OPC and 80% of steel slag as binder, green mortars can be produced for CO2 

activation. However, the steel slag particle size effectively influences the performance 

of these green mortars by affecting the CO2 penetration and controlling carbonation 

process. The application of optimal size ranges of steel slag (21.75 to 24.13 µm) in 

blended mortars leads to a higher compressive strength (31.21 MPa), CO2 uptake 

(15.9%), faster carbonation rates as well as sustainability efficiency (0.486 

MPa/(kg/m3)), which is superior compared to the use of larger or smaller size steel slags 

in mortars. To achieve fast carbonation at ambient conditions, the OPC component even 

can be replaced by alkali activated GGBS to provide the necessary early age strength 

before carbonation. A faster carbonation rate and strength development are observed in 

alkali/CO2 activated GGBS/steel slag mortars. The highest compressive strength 

achieved 44 MPa and full carbonation can be observed after only 11 days CO2 

activation. The reaction products from alkali activated GGBS are also identified to 

contribute CO2 uptake ability. Thus, cement-free steel slag based mortars based on 

combined alkali/CO2 activation can be developed, making feasible the manufacturing 

of low carbon footprint building materials. 

12.2 Recommendations for future studies 

This thesis investigates the high-end application of two by-products – recycled waste 

glass and converter steel slag in the manufacture of sustainable building materials. 
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Based on the chemical compositions and character of these secondary raw materials, 

different activation methods are selected for optimal utilization in building materials, 

for example, as SCMs in cement-based system, as a binder in alkali activation and as 

components in CO2 activation. The presented results can be used for an optimal design 

of sustainable building materials to achieve properties of excellent durability, low costs 

and low emissions. Nevertheless, some open questions are remaining for future research: 

1. The application of recycled waste glass as SCM in blended cement results in the 

modification of reaction products by introducing more sodium and silica. Consequently, 

the properties of the related microstructure could be changed, as well as the durability 

performance. As shown in this thesis, the resistance to chloride penetration is enhanced 

even when recycled waste glass is introduced as high volume cement replacement. 

However, the high volume of recycled waste glass in blended cement can result in a 

significant decrease of Ca/(Si+Al) and increase of Na/Ca. As a consequence, ASR 

expansion is possibly induced posing a potential risk. Therefore, the mechanism of 

potential ASR expansion should be studied in high volume recycled waste glass 

blended cement concrete. 

2. The carbonation behaviour of alkali activated materials is getting intense scrutiny in 

recent years. The carbonation conditions such as CO2 dosage, temperature and humidity 

can strongly influence the reaction products, as well as the carbonation process of 

related samples. The carbonation behaviour of recycled waste glass containing mortars 

in this thesis is studied at a high CO2 dosage, which could be different from the practical 

situation. Also, the activator type seems to affect the carbonation of alkali activated 

materials. So, further investigation for a better understanding of the performance of 

recycled waste glass in alkali activated materials should be undertaken. 

3. The production of sodium silicate precursor from the recycled waste glass at low 

temperature is successfully achieved in this thesis. However, the reaction process can 

still be optimized to produce lower costs precursors, regarding temperature, duration, 

drying conditions and alkali compositions. Furthermore, the application of alkali-

thermal treated recycled waste glass in one part concrete may result in a different 

reaction mechanism from commercial water glass, and the shrinkage and carbonation 

behaviour could be modified, which also need further investigation. 

4. The converter steel slag after CO2 pre-treatment shows better feasibility as SCMs in 

eco-UHPC design. A more detailed study should be conducted to address the correlation 

between carbonation degree and potential pozzolanic reactivity, as well as leaching 

behaviour. 
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5. The activation performance of CO2 with converter steel slag based building materials 

at ambient conditions mostly depends on the CO2 diffusion and dissolution in the pore 

fluid of specimen. Therefore, the initial boundary conditions, for instance, porosity, 

pore size distribution, reaction products and pore solution chemistry need to be 

considered for the optimization of green concrete design and curing strategy. 
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The demand for solid wastes disposal such as industrial and domestic 
wastes, has gradually increased in recent years. As inorganic by-
products, waste glass and steel slag cannot be used for energy 
recovery but only disposed in a landfill or p artially a pplied a s 
aggregates in road constructions. However, they can be utilized more 
valuable and eco-friendly in innovative building materials for 
a purpose of high-end application. he amorphous 
silicate structure of recycled waste glass, it can be used as the 
pozzolanic addition in conventional cement concrete and as the 
precursor in alkali activated geopolymer concrete, while converter 
steel slag exhibits a high reactivity in CO2 environment. 
These properties provide the possibilities to design building 
materials with better performance and lower CO2 emission compared 
to traditional concrete. This thesis aims to provide new application 
methods for innovative building materials by using recycled waste 
glass and converter steel slag as ingr d ents.
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