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Abstract 

 
In this work of research two industrial by-products are evaluated in combination as a partial replacement of 

cement in a hydraulic binder. Reducing the consumption of cement will lead to less resource extraction,  

energy consumption, and greenhouse gas emission, and therefore accomplish the goals of the building 

industry of becoming more sustainable both environmentally and economically. For this reason, partial 

replacements are highly sought after. 

The first replacement, municipal solid waste incineration bottom ash (MSWI BA), is the solid residue of 

household waste incineration, characterised by weakly pozzolanic behaviour and a high degree of 

contamination with potentially toxic elements (PTEs). The second, converter steel slag from a basic oxygen 

furnace (CSS), is a by-product of the steel industry, characterised by weakly hydraulic behaviour. 

Past research leads to the hypothesis that combining CSS and a pozzolanic material in a binder may bring 

about a mutually enhancing effect. This hypothesis was studied in four stages: an extensive material 

characterisation, formulation of cementitious binder recipes with partial replacements of MSWI BA and CSS, 

evaluation of hydration behaviour of pastes, and evaluation of mechanical and environmental performance 

of mortars. 

The studied fraction of MSWI BA is characterised as a relatively low-density material due to irregular particles 

and poor packing, with a high content of (amorphous) silica and weakly pozzolanic properties. Leaching of 

PTEs is high, and particularly sulphate leaching is problematic, due to its interference with the hydration of 

cement clinker phases. This causes low strength development and relatively high porosity in mortars based 

on MSWI BA, which cannot be offset by the material’s weakly pozzolanic behaviour. On the other hand, PTEs 

can be successfully stabilised in the cementitious matrix which prevents leaching. 

The studied fraction of CSS is characterised as a relatively high-density material due to its high content of 

calcium and iron. Presence of C2S and C4AF grants the material hydraulic properties, which leads to a 

strength development in mortars based on CSS that can match unblended cement. Early age strength is 

relatively low, however, because clinker phases in CSS hydrate slowly due to their dense crystal structure. 

Combination of MSWI BA and CSS does not result in the expected mutually beneficial effect, rather a 

mutually detrimental effect is observed. Negative aspects of MSWI BA and CSS are both established in the 

early stages of hydration, and, for this reason, the cementitious products combining these materials 

demonstrate poor early behaviour which is too adverse to be overcome by latent hydraulic or pozzolanic 

reactions.  



 

 

 

  



 

 

Samenvatting 

 
In dit onderzoek wordt de combinatie van twee industriële bijproducten geëvalueerd als gedeeltelijke 

vervanger voor cement in een hydraulisch bindmiddel. Het verminderen van cementgebruik leidt tot minder 

ontginning van grondstoffen, minder energieverbruik, en minder productie van broeikasgassen, hetgeen in 

zijn algeheel leidt tot een meer duurzame bouwsector zowel in de economische zin als wat betreft milieu. 

Om deze reden zijn gedeeltelijke vervangers voor cement zeer in trek. 

De eerste onderzochte vervanger, bodemassen uit de verbranding van huishoudelijk afval (MSWI BA), is een 

materiaal met zwakke puzzolane eigenschappen en een hoog gehalte aan schadelijke stoffen. De tweede 

vervanger, staalconvertorslakken uit een Linz-Donawitz convertor (CSS), is een bijproduct uit de 

staalindustrie met zwakke hydraulische eigenschappen. 

Uit eerder onderzoek komt de hypothese naar voren dat de combinatie van CSS met een puzzolaan 

materiaal in een bindmiddel kan leiden tot een positief wederkerig effect tussen de twee materialen. Dit 

werk onderzoekt deze hypothese in vier stadia: een diepgaande karakterisering van de eigenschappen van 

de materialen, formulering van bindmiddelen met gedeeltelijke vervanging door MSWI BA en CSS, evaluatie 

van de hydratatie van bindmiddelspecies, en evaluatie van sterkte- en milieu-eigenschappen van 

bindmiddelmortels. 

De onderzochte fractie MSWI BA is een materiaal met relatief lage dichtheid door onregelmatige deeltjes en 

een lage pakkingsgraad. Het materiaal bestaat daarnaast voor een groot deel uit (amorfe) silica en vertoont 

een zwakke puzzolane reactiviteit. Het uitlogen van schadelijke stoffen is hoog, en met name concentraties 

van sulfaten zijn dusdanig dat deze verstoring van de hydratatie van cement veroorzaken. Dit alles leidt tot 

weinig ontwikkeling van sterkte en relatief hoge porositeit in mortels op basis van MSWI BA, waarvoor niet 

wordt gecompenseerd door de puzzolane reactiviteit. De mortel bleek echter wel succesvol in het 

stabiliseren van schadelijke stoffen om uitloging te voorkomen. 

De onderzochte fractie CSS is een materiaal met een hoog gehalte aan calcium en ijzer, en bezit zodoende 

een relatief hoge dichtheid. Het materiaal is hydraulisch door de aanwezigheid van klinkerfasen C2S en C4AF, 

hetgeen leidt tot een sterkteontwikkeling in mortels op basis van CSS die dezelfde klasse bereikt als puur 

cement. De dichte kristalstructuur van klinkerfasen in CSS veroorzaken echter een relatief langzam e 

hydratatie. 

Combinatie van MSWI BA en CSS leidt niet tot het verwachte wederkerige effect; er ontstaat juist een nadelig 

effect. De negatieve aspecten van MSWI BA en CSS zijn het meest uitgesproken in de vroege stadia van 

hydratatie, en om deze reden vertonen hydraulische bindmiddelen op basis van de combinatie van deze 

twee materialen dusdanig zwakke eigenschappen in de vroege stadia van uitharding die niet meer 

gecompenseerd kunnen worden door latere hydraulische of puzzolane reacties.  
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1 

 

1 Introduction 
 

Our world is developing at a fast pace. More and more people are settling in urban areas each year (United 

Nations, 2018) and this trend is inherently connected to a growth of the construction sector, since new 

inhabitants must be accommodated. Currently, the cement and steel industries are the largest players in 

the construction sector. These industries require massive amounts of energy and resources for their 

continuation and growth, while also producing large amounts of greenhouse gases and particulate matter 

(Nidheesh & Kumar, 2019). For environmental and economic reasons, these industries have recently started 

investing into growing more sustainably. 

Energy and resource consumption may be diminished by following sustainability principles such as 

minimising use of non-renewable sources. For instance, the strategy of utilising recycled materials can be 

implemented in the production of cement (Graham, 2003). Specifically, the practice of blending cement 

entails partial replacement of cement by a (recycled) material with similar properties (Nidheesh & Kumar, 

2019). This reduces the reliance on cement itself, while at the same time recycling industrial by-products 

which are in dire need of an application purpose. 

One of such by-products originates from municipal solid waste (MSW), which is produced at a rate of 1.3 

billion tonnes worldwide on annual basis. This amounts to 1.2 kg waste per person per day and this number 

is expected to grow for years to come (Hoornweg & Bhada-Thata, 2012). Treatment of MSW is a critical aspect 

of sustainably maintaining our environment. In that sense, incineration is preferable to the practice of 

landfilling, since incineration reduces the volume of waste considerably and prevents pollution compared 

to landfilling (Joseph, Snellings, Van den Heede, Matthys, & De Belie, 2018). Incineration bottom ashes,  

commonly referred to as MSWI BA, remain as solid residues from this method of waste treatment. This is an 

abundant material with a limited range of currently possible applications. 

MSWI BA does, however, possess pozzolanic reactivity due to the presence of amorphous silica and therefore 

may assist cement in hydration and strength development. Research has investigated cement blends with 

MSWI BA and found that its pozzolanic behaviour is quite weak and that leaching of harmful components 

poses environmental concerns. This material evidently requires further research before successful and 

widespread application becomes possible (Joseph et al., 2018; Lam, Ip, Barford, & McKay, 2010; Xuan, Tang, 

& Poon, 2018). 

Another by-product considered for blending with cement is converter steel slag, or CSS. As previously 

mentioned, the steel industry is part of the continuously growing construction sector, with steel production 

rates recently estimated at 1.6 billion tonnes annually, a number which has been growing for a decade and 

is prospected to continue growing (Naidu, Sheridan, & Van Dyk, 2020). About 5% of the world’s CO2 emissions 

are generated through steel manufacturing, and additionally CSS is produced at a rate of 10-20 wt.% of total 

steel output (Jiang, Ling, Shi, & Pan, 2018; Juckes, 2003). 

Although CSS was often landfilled in the past, recent pressure from legislation has pushed the industry to 

find a suitable application which lowers land occupation and pollution due to landfilling (Jiang et al., 2018;  

Juckes, 2003). Studies investigating CSS then discovered that CSS possesses weak hydraulic reactivity when 

blended with cement, while providing other benefits such as high corrosion resistance and low permeability  

(Carvalho, Vernilli, Almeida, Demarco, & Silva, 2017; Yi et al., 2012). Hydraulic reactivity is low, however, and 

authors have recently suggested that more research should focus on the ways in which CSS influences 

cement hydration or ways in which reactivity may be improved (Naidu et al., 2020), since not enough is 

known about blending cement with CSS. 
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In another effort to apply the principle of blending, Xuequan et al. (1999) formulated a cement blend 

including CSS and a pozzolanic material, coal fly ash, which resulted in particularly good strength 

development. This leads to the hypothesis that the combination of CSS, a weakly hydraulic material, with a 

pozzolanic material may perform well due to a mutually enhancing effect. Since MSWI BA is a by-product 

with pozzolanic reactivity but without any high-grade application, it could benefit greatly from a suitable 

application. 

A successful combination of MSWI BA and CSS could lead to a maximised replacement of cement, if the two 

materials do enhance each other. On one hand, this would allow a significant reduction of cement 

consumption and on the other hand increase the recycling rates of these two by-products. These two 

benefits would bring the cement and steel industries closer to their goal of growing more sustainably, which 

is why this hypothesis is worth investigating. Furthermore, blending cement with CSS and MSWI BA is a novel 

approach to partially replacing cement, which has not been described in the academic literature before. 

This study aims to develop an alternative binder by blending Portland cement with more sustainable 

replacements MSWI BA and CSS. This binder is designed to match unblended cement in strength 

development and other properties such as environmental safety. Underlying this goal is the question 

whether the combination of a weakly hydraulic material (CCS) with a weakly pozzolanic material (MSWI BA) 

induces a mutually enhancing effect. 

Investigation of MSWI BA and CSS will be preceded by a comprehensive review of contemporary literature,  

to map the possibilities and pitfalls of applying these two materials, and the research itself will be divided 

into three main sections. Initially, the raw materials necessary to produce alternative binders will be 

characterised, after which binder recipes will be formulated. Then, using these recipes, binder pastes will be 

prepared for a study of hydration kinetics and behaviour. Finally, mortars will be prepared for an evaluation 

of mechanical and environmental performance. This multi-faceted approach to the development of this 

binder alternative will allow judgement not only on whether the combination of MSWI BA and CSS is 

successful, but also why. 
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2 Literature review 
 

This comprehensive literature review is divided into two main sections, each treating one of the investigated 

replacement materials for cement, MSWI BA and CSS. Both materials are discussed in terms of production, 

general characteristics including durability and environmental aspects, treatments to enhance properties,  

and application potential. Environmental aspects of MSWI BA are elaborated further compared to those of 

CSS, because environmental leaching is an essential aspect of the application of MSWI BA. 

2.1 Municipal solid waste incineration bottom ash 
2.1.1 Production process 
Municipal solid waste (MSW) which cannot be efficiently recycled is often incinerated in waste-to-energy  

plants, where heat from incineration is utilised to generate electricity, and this is a more sustainable 

alternative to landfilling waste. Recent data from the Confederation of European Waste-to-Energy plants 

shows that in the European Union, on average, 28% of all reported municipal waste is treated by 

incineration, while about 23% is still landfilled, with the rest being recycled or composted (CEWEP, 2018).  

The Netherlands is among the frontrunners in sustainable waste treatment since 56% of municipal waste is 

recycled or composted and nearly all other waste is incinerated. 

The inputs for MSW incineration are typically household waste and non-hazardous industrial refuse, such as 

waste from paper and wood industries (Joseph et al., 2018), which is why MSW may consist of 60 to 90% 

organic matter (Vehlow, 2002). The possibility to combust the organic fraction leads to the key benefit of 

waste incineration, which is the considerable reduction of volume and mass that it provides (Vehlow, 2002);  

volume can be reduced up to 90% and mass up to 70% (Lam et al., 2010). Further benefits include the 

creation of employment, economic growth, a solution to treatment of non-recyclable waste, lower land 

requirement compared to landfilling, and also a reduction of greenhouse gas emission, due to generation 

of electricity and replacement of polluting landfilling practices (Chaliki, Psomopoulos, Themelis, & 

Stavroulakis, 2014). 

 

Figure 2.1: Schematic overview of a modern MSW waste-to-energy incineration plant (Chaliki et al., 2014). 

Across the EU, most waste-to-energy plants (see Figure 2.1) operate using a grate incinerator to burn MSW, 

which is a furnace containing sloped grates (Chaliki et al., 2014). Sufficient burnout will lead to the highest 

possible volume reduction of MSW, and is ensured by high temperature (800°C), turbulence for exposure to 

air, and an adequate residence time in the incinerator (Lam et al., 2010). Mass is reduced by 70% through the 
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incineration process and the remaining 30% are solid residues, typically categorised by their source of 

collection (Joseph et al., 2018; Vehlow, 2002): MSW incineration bottom ash (MSWI BA) is collected from 

incinerator parts such as the grate and hoppers, whereas MSWI incineration fly ash (MSWI FA) is the solid 

residue remaining after cleaning of the highly polluted flue gas originating from the incinerator. MSWI FA 

therefore contains high concentrations of toxic pollutants, although it is lower in abundance since the total 

fraction of MSWI ash contains, on average, 90% of BA and 10% of FA. For these two reasons, MSWI  BA shall 

be the topic of this study, and the FA will not be extensively considered from this point onward. 

After formation, MSWI BA is rapidly cooled through water quenching, which leads to the metastable and 

chemically reactive nature of the phases that are formed (Polettini, Pomi, & Carcani, 2005; Polettini, Pomi, & 

Fortuna, 2009). This characteristic is invaluable to the potential use of MSWI BA as an additive in the 

production of a binder, but the nature of the bottom ashes must be studied profoundly to understand their 

reactivity. 

2.1.2 Typical characteristics 
When describing the general characteristics of MSWI BA, one runs into the question of how to determine 

what can be considered as “general”. MSWI BA as a material is predominantly defined by its heterogeneity ,  

which is the result of different operation practices of incineration plants and of the highly variable 

composition of their input, the municipal solid waste itself. These inputs are again a function of behaviour 

of the local population, as well as local recycling and take-back policies. To illustrate its heterogeneity, BA 

analysed in a recent study was shown to consist of 36 mineral phases out of which 12 make up 84.3% of the 

material (Schollbach et al., 2016). So if the characteristics of BA are to be described, their highly variable 

nature must always be kept in mind. 

However, most studies do describe MSWI BA as consisting of three main parts: unburned material, a vitreous 

melt phase with crystalline and glassy material, and a fragmented phase of weathering products with low 

density and rich in impurities (Filipponi, Polettini, Pomi, & Sirini, 2003; Joseph et al., 2018; Müller & Rübner, 

2006). The latter is composed mainly of hydrates and carbonates due to water-quenching and subsequent 

weathering in air. 

2.1.2.1 Physical properties 
Although these are usually a function of the various methods of pre-processing, commonly experienced 

physical properties of MSWI BA may give some insight in their behaviour as a building material. Properties 

also depend on the size fraction, since the fines (≤ 4 mm) are typically more contaminated than coarse 

particles. MSWI BA was found to consist for about 50 to 60% out of fines (Baciocchi et al., 2010; Del Valle-

Zermeño, Gómez-Manrique, Giro-Paloma, Formosa, & Chimenos, 2017; Nikravan, Ramezanianpour, & 

Maknoon, 2020). 

Dry (bulk) density of BA may range from 0.95 to 1.75 g/cm³ while the specific gravity may range from 1.1 to 

2.7 g/cm³ (Joseph et al., 2018), which reflects the heterogeneity of the material. Morphology of bottom ashes 

is largely undefined, which is one of the reasons the bulk density is quite low (Caprai, Florea, & Brouwers, 

2018). 

Bottom ash fines, which are known to be richer in fragmented weathering products (Alam et al., 2019), cause 

a high total pore volume and specific surface area, since these typically adhere to the larger particles. This 

characteristic may lead to high water demand of the entire fraction of bottom ash if the fines are not 

removed (Caprai et al., 2018). 

2.1.2.2 Chemical composition 
The elemental or chemical composition of MSWI BA provides valuable information, because it shows how 

contaminated the material is, while also allowing comparison to other building materials in terms of 
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material class (binder, pozzolan, etc.). This all can provide some inspiration on how to apply bottom ashes 

safely and most efficiently. 

To compare building materials, the sum of their 

contents of oxides of silicon, aluminium, and 

calcium is often presented in a ternary diagram. 

MSWI BA may have a content of such oxides of 

72-82% by mass (Filipponi et al., 2003; Polettini  

et al., 2005, 2009; Zhang & Zhao, 2014), leading 

to a position on the ternary diagram close to 

typical pozzolans as indicated in Figure 2.2. To 

participate in pozzolanic reactions, however, 

SiO2 must be present in amorphous and glassy  

form and not in its crystalline form (Filipponi et 

al., 2003). 

Conversely, other research has shown that the 

combined content of SiO2, Al2O3, and CaO may 

be as low as 48% (Caprai et al., 2018), primarily  

due to the high loss on ignition (LOI) of the 

bottom ashes, found to be around 30% in this research, which shows a stark contrast to the 3% LOI in the 

study by Filipponi and others (2003). Loss on ignition is closely related to the carbon content of the bottom 

ash, which can be in organic, elemental, or inorganic form, resulting from the presence of unburned residues,  

improperly burned residues, and carbonates, respectively (Rocca et al., 2013). 

Composition of MSWI BA is also known to be related the size fraction that is used (Chen & Yang, 2017; Li, Hao, 

& Chen, 2016). The larger fractions are known to contain more SiO 2 due to the presence of glasses and quartz 

crystals, which are resistant to milling, whereas the fines contain more CaO, SO 3, MgO, and Cl since these 

form the delicate quench and weathering phases. Content of Al2O3 and Fe2O3 are usually stable throughout, 

although slightly more common to medium-sized fractions; these metals are resistant to milling, whereas 

larger particles are typically removed magnetically (for iron) or by Eddy current separators (for aluminium).  

Compared to common building materials, MSWI BA contains a relatively high amount of trace elements 

which derive from various sources of refuse. Most common are zinc and copper, but also Cr, Hg, Ni, Cd, and 

Pb (Lam et al., 2010). These are potentially toxic elements (PTEs) and therefore dangerous to people and the 

environment. Their presence is therefore a topic of concern, which will be discussed further in section 2.1.2.4.  

2.1.2.3 Phase composition 
Many studies report the composition of MSWI BA in terms of phases or minerals in addition to elemental 

composition, since this provides some far more crucial information; knowing what phases occur allows 

judgement on potential reactivity. A wide variety of phases occurs in MSWI BA, and the material may consist 

of 80% crystalline silicates, aluminates, and oxides, 15% bottle glass, 3% metals and ceramics, and 2% 

unburned organic residues (Del Valle-Zermeño et al., 2017; Müller & Rübner, 2006). About 85% of these 

phases may be considered combustion products, compared to 15% of non-combusted or refractory waste 

(Schollbach et al., 2016). 

This section aims for an exhaustive overview of the most common phase groups occurring in MSWI BA, listing 

a number individual phases, their origin, reactivity, and capability of encapsulating PTEs. Information is 

drawn mainly from a detailed study by Alam et al. (2019), supplemented by many other studies, to take the 

heterogeneous nature of the bottom ashes into account. 

Figure 2.2: Ternary diagram showing the composition of several 

types of MSWI BA (MBAMO, MBARE, MBABO), compared to the 

pozzolans indicated by the oval shape (Filipponi et al., 2003). 



6 

 

- Q uartz (SiO2) is very often mentioned as a dominant phase in MSWI BA (Alam et al., 2019; Chen & 

Yang, 2017; Garcia-Lodeiro, Carcelen-Taboada, Fernández-Jiménez, & Palomo, 2016; Joseph et al., 

2018; Polettini et al., 2005; Schollbach et al., 2016; Tang, Florea, Spiesz, & Brouwers, 2014b; Yang, 

2017) since it is a common natural mineral and building material. Quartz does not incinerate and 

remains as an inert component in MSWI BA. Content may be around 10% and due to its mechanical 

resistance, quartz tends to accumulate in the larger fractions; 

- Calcite (CaCO3) is, like quartz, mentioned by most authors (Alam et al., 2019; Chen & Yang, 2017; 

Garcia-Lodeiro et al., 2016; Joseph et al., 2018; Polettini et al., 2005; Schollbach et al., 2016; Tang et 

al., 2014b; Yang, 2017) and its content may be around 8%. It is a common industrial and natural 

mineral as well as a weathering product of CaO formed during incineration or Ca(OH)2 formed 

during quenching. Calcite tends to be present in the finer fractions, especially when formed during 

weathering. Calcite is inert but may help to stabilise other phases such as ettringite. This phase is 

also able to incorporate a large number of PTEs; 

- Iron-bearing phases is a group of different crystalline phases which may be abundant in MSWI BA 

(Alam et al., 2019; Garcia-Lodeiro et al., 2016; Joseph et al., 2018; Schollbach et al., 2016; Tang et al., 

2014b). Typical members of this group are wuestite (FeO), hematite (Fe2O3), and magnetite (Fe3O4). 

The latter also belongs to the spinel group (general formula: AB2X4). These phases originate from 

the oxidation of scrap iron and are largely inert. Magnetite (like other spinels) is highly capable of 

incorporating PTEs; 

- Calcium sulphate (CaSO4) may occur in bottom ash as anhydrite or in the hydrated form (CaSO4 · 

2H2O) which is gypsum (Chen & Yang, 2017; Garcia-Lodeiro et al., 2016; Joseph et al., 2018;  

Schollbach et al., 2016; Tang et al., 2014b). Gypsum originates as a common building material and 

is quite soft, and therefore known to be present in MSWI BA fines especially. Incineration converts 

gypsum to anhydrite but quenching and weathering result again in the dihydrate form. These 

phases are not inert and will even delay hydration when MSWI BA is used in combination with 

cement, due to the dissolution of sulphate; 

- Q uench phases of MSWI BA are quite diverse among the different authors studied but all are 

characterised by the presence of hydroxyl ions or hydrate water. Ettringite and portlandite (Ca(OH) 2) 

are very common, as well as hydrocalumite and Friedel’s salt, and even microcrystalline calcium -

silicate-hydrates and zeolites may be found (Alam et al., 2019; Chen & Yang, 2017; Garcia-Lodeiro et 

al., 2016; Joseph et al., 2018). Due to their formation during quenching, these phases are present 

among the fines mostly. Formation of the quench phases continues during weathering, if moisture 

has access to the bottom ashes, but the definition of weathering phases also includes carbonates 

such as calcite;  

- Melilite group phases (general formula: A2B(T2O7)) and related calcium-aluminate-silicate phases 

are an important feature of the bottom ashes since these phases are formed in a molten slag during 

incineration and cover refractory particles, therefore forming the outer layer of most MSWI BA 

particles (Alam et al., 2019). The content may be around 15%, and melilites may be amorphous or 

crystalline, with most common crystal phases being åkermanite and gehlenite, which are the 

magnesium- and aluminium-rich members respectively (Alam et al., 2019; Garcia-Lodeiro et al., 

2016; Joseph et al., 2018; Schollbach et al., 2016; Yang, 2017). These phases are quite influential on 

the material properties due to their quantity, form of presence, ability to incorporate PTEs, and 

positive participation in hydration reactions; 

- Py roxene group phases (general formula: AB(T2O6)) such as diopside and hedenbergite are not 

uncommon in bottom ashes since they are natural minerals, although they usually form in MSWI BA 

as incineration products (Alam et al., 2019; Joseph et al., 2018; Schollbach et al., 2016). Especially 

diopside is known to do so in calcium-rich melts in the presence of melilites and can also 

incorporate an appreciable amount of PTEs; 
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- Feldspar group phases (general formula: AB(T3O8)) such as plagioclase, albite, and anorthite are 

common rock-forming minerals and may be present in bottom ashes as such (Alam et al., 2019;  

Joseph et al., 2018; Yang, 2017). These are quite inert; 

- Apatite group phases are phosphate minerals rich in hydroxyl, fluoride, or chloride, and may derive 

from animal or fish bones (Alam et al., 2019; Joseph et al., 2018). These usually constitute only a 

small fragment of the bottom ashes; 

- O ther mineral phases worth mentioning are common minerals such as halite (NaCl) and rutile 

(TiO2), mentioned by several authors (Chen & Yang, 2017; Garcia-Lodeiro et al., 2016; Schollbach et 

al., 2016); 

- Metallic inclusions may be pieces of ferrous metal too small to to be removed magnetically, which 

are usually covered by a surface oxidation layer and therefore not often detected (Del Valle-

Zermeño et al., 2017), or pieces of metallic aluminium. Attrition forces of milling may result in small 

particles of aluminium, which are harder to separate. 

- Am orphous phases, lastly, may consist of waste glass, neo-formed melt glass, incineration residues 

of rubber and plastics with silica filler, or parts of the slag phase which were cooled rapidly during 

quenching and therefore solidify amorphously rather than crystalline (Alam et al., 2019; Chen & 

Yang, 2017; Del Valle-Zermeño et al., 2017; Garcia-Lodeiro et al., 2016; Polettini et al., 2005;  

Schollbach et al., 2016). Neo-formed glasses are capable of incorporating PTEs, and it is important 

to note that amorphous silica (for instance from glasses) may participate in pozzolanic reactions.  

The size of the amorphous fraction may vary significantly: from 50% up to 97% by mass. 

2.1.2.4 Potentially toxic elements 
Since the contents of MSWI BA are largely dependent on the contents of municipal solid wastes, it may be 

challenging to control their composition and prevent the accumulation of potentially toxic elements (PTEs). 

In this section these will be discussed briefly under three main categories: heavy metals, soluble salts, and 

carbon content. 

Heav y metals 

Zinc is a very common trace element in MSWI BA, preferring the bottom ashes over the fly ashes due to its 

affinity to silicate melts such as melilite, with hardystonite being the zinc-bearing endmember of this group 

(Traber, Mäder, & Eggenberger, 2002). Content can be up to 21.3 g/kg (Polettini et al., 2005) and originates 

mostly from automotive shredder residues or battery refuse (Chen & Yang, 2017; Joseph et al., 2018). Due to 

its low melting and boiling point (420 and 907°C, respectively), zinc particles will accumulate mostly in the 

MSWI BA fines. 

Copper is one of the most commonly found trace elements in MSWI ashes and tends to accumulate in the 

bottom ashes rather than the fly ashes due to its lithophilic nature and high melting and boiling point 

(Joseph et al., 2018; Vehlow, 2002). Its content may be as high as 1.5 g/kg and is most abundant among the 

fines (Liu, Li, Li, & Jiang, 2008; Polettini et al., 2005). Copper originates from automotive waste (Joseph et al., 

2018) or may be bound to metallic inclusions, which readily dissolve to release copper into the environment 

(Traber et al., 2002). 

Lead is another typical trace element in MSWI ashes, and tends to stay in the bottom ashes because it is not 

easily volatilised (Joseph et al., 2018). Its content may be around 1.5 g/kg (Polettini et al., 2005), similar to 

copper. Much like zinc, lead originates from battery refuse and is characterised by fine particles due to its 

low melting point at 327°C (Chen & Yang, 2017; Liu et al., 2008). 

Chromium is less abundant than the previous three heavy metals, but its presence in the +6 oxidation state 

poses a large risk due to its carcinogenic nature. The conditions of incineration are suitable to convert Cr(III) 
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to Cr(VI), which is why its presence must be controlled. Chromium may originate from alloys or from 

pigments and is found in the bottom ashes because it is not easily volatilised (Joseph et al., 2018). 

Antimony, barium, molybdenum, nickel, and tin are several heavy metals which typically originate from 

automotive shredder residues (Joseph et al., 2018). These have a high boiling point and are therefore more 

common in MSWI BA than FA. Cadmium and cobalt may originate from battery waste (Joseph et al., 2018),  

but cadmium volatilises below 800°C and is therefore usually found in MSWI FA. For the same reason, arsenic 

(from impregnated wood) and mercury are usually not found in bottom ashes (Vehlow, 2002). 

Soluble salts 

Salts of anions such as sulphate, chloride, and nitrate are quite soluble. Among these, especially the first two 

may lead to application issues, either through interaction with other materials or by leaching out into the 

environment. 

Sulphates are known to be concentrated mostly in the melilite-rim of bottom ash particles, which is the melt 

phase, and the quench phase ettringite (Alam et al., 2019; Schollbach et al., 2016). Sulphates may derive from 

waste gypsum, for instance. When used in cementitious products, the presence of sulphates in MSWI BA is 

known to delay hydration or react with aluminates to form ettringite, which encompasses a large volume 

increase (Müller & Rübner, 2006). 

Chlorides also concentrate in the melilite-rim (Schollbach et al., 2016), but also in other constituents such 

as halite and the quench phases Friedel’s salt and hydrocalumite, leading to a total content of 0.2 up to 5 

wt.% in MSWI BA (Joseph et al., 2018). Chloride may derive from road salts and PVC waste. Its presence in 

soluble salts may cause leaching issues, while in cementitious products, high chloride concentration is 

known to cause depassivation of the protective alkaline layer around steel reinforcement to cause corrosion 

(Joseph et al., 2018). 

Carbon content 

A small fraction of MSWI BA is made up of carbon, either in organic, inorganic (carbonate phases), or 

elemental form. Only a minor portion of carbon content is dangerous, but its effects are diverse and far-

reaching (Dijkstra, Van der Sloot, & Comans, 2006; Pavasars, 2000): 

▪ Several polyaromatic and polyhalogenated components may cause toxicity or mutagenicity; 

▪ Humic and fulvic acids may induce complexation with heavy metals, enhancing their leachability;  

▪ Microbial degradation of carbon may cause CO2 release and reduce the pH level of bottom ashes 

and their leachates; 

▪ Presence of carbon may impose reducing conditions, which impedes the leaching of metals.  

Knowledge of the carbon content is important, since it may help predicting the leaching of toxic 

components. 

To conclude on the content of PTEs in MSWI bottom ashes, there is a high number of chemical substances 

which may pose a risk and jeopardise its utilisation as a building material. Although the mere presence of 

hazardous substances is not a risk per se, their release into the environment will cause interference with 

several biological processes and should be avoided, and for this reason the mechanism governing release,  

leaching, will be discussed in the following section. 

2.1.3 Leaching and environmental aspects 
The environmental impact of MSWI BA is best described by their leaching stability, which describes the 

release or retention of potentially toxic elements when exposed to an aqueous medium (or leachant). There 

are a number of parameters involved in leach-out of PTEs from a material, such as chemical composition, 

chemical and mineralogical speciation, availability of species, particle morphology, and leachant properties 
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such as pH or complexing constituents (Vehlow, 2002). Luo et al. (2019) specifically mention the importance 

of another factor, which is the liquid-to-solid (L/S) ratio, since a higher ratio will increase dissolution. 

Leachant pH is known to be of particular influence on leaching of PTEs (Dijkstra et al., 2006) and also 

influences different elements differently (Król, Mizerna, & Bożym, 2020; Luo et al., 2019; Vehlow, 2002) , which 

is illustrated in Figure 2.3. Most metals follow a cationic leaching pattern and leaching increases at lower pH, 

while amphoteric metals (Al, As, Pb, Zn) also show increased leachability at higher pH. Metals which form 

(oxy)anions such as Cr, Mo, and V have higher solubility towards high pH values. Finally, Na, K, SO 4, and Cl 

are less pH dependent. 

 

Figure 2.3: pH dependency of leaching illustrated for cationic and anionic leaching patterns (Król et al., 2020). 

PTE leachability from a material is governed by one (or sometimes both) of the mechanisms below (Luo et 

al., 2019): 

▪ Solubility controlled, which is associated with the dissolution of salts. pH dependent leaching of 

elements is controlled by the dissolution of common minerals or precipitation of (hydr)oxides, 

carbonates, and sulphate solids. Leaching of more pH independent elements is availability  

controlled. Solubility is also related to diffusion, with higher diffusion leading to more dissolution;  

▪ Sorption controlled, which is associated with the release of elements that exhibit sorptive affinity to 

active sites on solid surfaces such as (hydr)oxides, organic matter, and clay. 

Solubility may lead to increased leaching when certain species are available and soluble, whereas it can lead 

to decreased leaching when species precipitate as insoluble salts. Sorption, on the other hand, leads to 

increased leaching when PTEs are released from their sorptive sites (desorbed) or when complexing agents 

form soluble complexes, whereas it may reduce leaching when species undergo adsorption or surface 

complexation and coprecipitation. 

Leaching is commonly investigated with one or more of the following three test methods below, which all 

operate under different conditions (Luo et al., 2019). The results of such tests may be compared to legal 

limits of leaching, as stipulated, for instance, in the Dutch Soil Decree (2007), to judge whether leaching 

poses an environmental hazard. 

▪ Batch leaching test, a static method which generates leaching at equilibrium; 

▪ Column leaching test, a dynamic method with a continuous flow of leachant, leading to lower 

concentrations because no equilibration takes place; 

▪ pH-static leaching, which measures leaching at a constant intended pH value. 

2.1.3.1 Leaching pattern of MSWI BA 
The natural pH of MSWI BA leachates is in the range of 11 ± 0.5 at an L/S ratio of 10 (Alam et al., 2019; Dijkstra 

et al., 2006; Nikravan et al., 2020), which is of major influence on the leaching of PTEs from the bottom ash 

particles. It was found that a significant amount of PTEs in BA (40-80%) is actually immobile (Alam et al., 

2019), perhaps due to low solubility or due to incorporation into the slag and vitreous melt phases.  
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Nevertheless, it was found that untreated MSWI BA often exceeds leaching limits for the heavy metals Ba, Cr, 

Cu, Ni, Mo, Pb, Sb, and Zn, as well as for the soluble salts of Cl- and SO4
2-. (Caprai et al., 2018; Tang, Florea,  

Spiesz, & Brouwers, 2014a; Xuan et al., 2018). A great deal of research has therefore been conducted to reveal 

the main mechanisms and phases involved in the leaching of these elements (Alam et al., 2019; Dijkstra et 

al., 2006; Liu et al., 2008; Luo et al., 2019), some of which are presented in Table 2.1. The overview is not 

exhaustive but shows the most common or most likely processes of sorption and solubility governing PTE 

leaching. Several PTEs were actually found to be involved in both solubility- and sorption-governed 

processes, which indicates the considerable complexity of leaching of MSWI BA. 

The table mentions DOC, which is dissolved organic carbon, but omits other toxic organic pollutants such 

as polyaromatic hydrocarbons, although it was found these are also likely to leach out. Their leaching 

behaviour is important, because even small quantities can pose environmental risk. It has been reported,  

however, that some of these are biodegradable by micro-organisms (Liu et al., 2008). 

Table 2.1: An overview of the most common and likely leaching mechanisms, processes, and related phases for the main PTEs.  

 

2.1.4 Property improvement 
Due to high levels of contamination and leachability, MSWI BA often needs to be treated in one or several 

ways to ameliorate environmental properties, but sometimes also to meet certain technical requirements 

before application (Lam et al., 2010). 

There is a large number of treatments available, either under development or in practice, so these are best 

discussed in a categorised manner. Treatments often follow one or more of the following three principles: 

removal of pollutants, immobilisation of pollutants, and restructuring (Joseph et al., 2018) and may be 

categorised as such. Other authors have categorised treatments as separation, solidification/stabilisation,  

or thermal methods (Lam et al., 2010; Luo et al., 2019), but essentially these methods apply the principles of 

removal, immobilisation, and restructuring in respective order, so the difference between the two 

categorisations is minimal. Division by method is slightly more consistent than by principle, however, and 

that is the division that will be followed in this section. 

PTE Mechanism Related phases/processes

Zinc Sorption Surface precipitation to Fe and Al (hydr)oxides

Adsorption to calcite

Solubility Solubility of zinc sulphate

Copper Sorption Surface complexation with Fe and Al (hydr)oxides

Surface precipitation to calcite

Complexation with DOC

Lead Sorption Complexation with DOC

Adsorption to melilite-slag

Solubility Solubility of lead sulphate or phosphate

Chromium Solubility Solubility of barium chromate

Antimony Sorption Coprecipitation mechanisms

Solubility Availability of oxyanion form, speciation found to be difficult

Molybdenum Solubility Availability of oxyanion form

Nickel Solubility Solubility of nickel hydroxide or nickel layered double hydroxide

Sulphate Solubility Solubility of gypsum, ettringite, or melilite-slag

Chloride Solubility Availability of halite, solubility of hyrocalumite, Friedel's salt, and melilite-slag

DOC Solubility Solubility of humic and fulvic acids
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2.1.4.1 Physical/chemical separation methods 
Separation based on chemical methods includes the conventional treatment of washing, which is applied 

very often with good results. Washing the bottom ashes with water will reduce a significant amount of alkali  

metal, chloride, and sulphate from the bottom ashes since these readily dissolve (Bertolini, Carsana,  

Cassago, Curzio, & Collepardi, 2004; Vehlow, 2002; Xuan et al., 2018), but also part of the heavy metals may 

be removed, most notably copper (Zhang & Zhao, 2014). It was found by Bertolini and colleagues (2004) that 

chloride content may be reduced from 15% to 0.4% from the washing treatment alone. Although generally  

quite inexpensive, two disadvantages of washing are the generation of polluted wastewater and the removal 

of compounds causing pozzolanic reactivity (Joseph et al., 2018). 

As explained in section 2.1.3, the pH level greatly influences the dissolution and leachability of heavy metals,  

so washing treatments may increase in efficiency considerably under acidic or basic circumstances, and as 

such are often also named extraction rather than washing. Mineral acids such as HCl and HNO 3 are suitable 

for acid extraction since they do not lead to the formation of insoluble phases and are very suitable to extract 

cationic heavy metals (Joseph et al., 2018; Luo et al., 2019). Bases such as NaOH and NH3 can extract 

amphoteric metals, consuming most metallic aluminium (Joseph et al., 2018; Luo et al., 2019). Na2CO3 or 

NaHCO3 may be used to remove sulphates as well, since carbonate will displace sulphate from gypsum 

(Xuan et al., 2018). 

Several washing and leaching alternatives exist such as electrochemical separation and bioleaching,  

although some lead to lower efficiencies whereas others are still in early stages of development (Lam et al., 

2010; Luo et al., 2019; Xuan et al., 2018). 

Physical separation methods are often based on density or magnetic properties of the constituents of MSWI 

BA. Shaking tables and jig head separators are used, for instance, to separate lightweight particles from 

heavy metals based on density differences, allowing the recovery of several precious metals (Joseph et al., 

2018). 

Magnetic density separation separates material based on magnetic properties (ferromagnetic, diamagnetic,  

or paramagnetic) and degree of magnetism. It can be used to separate ferromagnetic material but also to 

remove aluminium from non-ferrous metals. Recovery of ferrous metals may vary from 57-83% (Joseph et 

al., 2018). Eddy current separators also separate bottom ashes based on magnetic properties and are useful 

to separate non-ferrous metals. The downsides of using magnetic separation techniques are their decreased 

efficiency for smaller particles (< 2 mm) or particles covered by a surface oxidation layer (Del Valle-Zermeño 

et al., 2017). 

2.1.4.2 Solidification/stabilisation methods 
Stabilisation minimises solubility and toxicity of contaminants, whereas solidification entails the use of a 

binder to encapsulate waste material to immobilise and reduce leachability. These processes are less 

suitable for treating soluble salts and, moreover, the volume is usually increased (Lam et al., 2010).  

Nevertheless, these methods are often applied, sometimes in combination with washing. 

Most common among stabilisation methods is the process of ageing and weathering, which is usually 

applied due to its low cost. When MSWI BA are allowed to weather in air, a number of reactions will occur, 

including hydrolysis, dissolution/precipitation, neutralisation, oxidation/reduction, formation of clays, 

microbial degradation, and, most importantly, carbonation (Joseph et al., 2018; Klein, Nestle, Niessner, & 

Baumann, 2003; Luo et al., 2019). 

Carbonation occurs due to the uptake of CO 2 from the air which react with CaO or Ca(OH)2 to form solid 

CaCO3 and reduce the pH level of the bottom ashes (Vehlow, 2002). This reaction entails an increase of 

volume, which decreases porosity and increases tortuosity of the BA, while the newly formed CaCO 3 is also 

very suitable to take up Zn and Cu, as well as lower amounts of Pb and Cr (Vehlow, 2002; Xuan et al., 2018). 
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The only drawback of weathering is the required time, which is mitigated by accelerated carbonation 

treatment, a novel method which allows use of CO 2-rich stack gas from the incinerator and shows good 

prospects for heavy metal binding, although chloride mobility is slightly increased (Joseph et al., 2018; Lam 

et al., 2010). 

Although not a solidification/stabilisation method in itself, grinding bottom ashes may qualify as such when 

it is done using water, as is the case in wet grinding. The properties of bottom ashes are enhanced because 

during wet grinding, metallic aluminium content is reduced and Cr, Cu, Zn, and Pb may be stabilised by 

agglomeration of particles (Joseph et al., 2018). Wet grinding has shown positive results for the application 

of MSWI BA as a binder (Bertolini et al., 2004). Grinding was shown to also enhance physical properties in 

Caprai et al. (2018), where lower pore volume and specific surface area are achieved leading to lower water 

demand and higher bulk density, although an effect on heavy metal leaching was not found in this study. 

Other solidification/stabilisation methods worth mentioning are the hydrothermal treatment, employing 

high pressure steam to form stable mineral forms of C-S-H with high Ca/Si ratio (Joseph et al., 2018) which 

immobilise heavy metals (Luo et al., 2019), and treatment with sulphide-rich effluent, which stabilises heavy 

metals due to precipitation as insoluble sulphides while also providing a recycling option for the effluent 

from waste water treatment plants (Joseph et al., 2018). 

2.1.4.3 Thermal methods 
Thermal methods seek to transform the highly heterogeneous slag phase of MSWI BA into a less 

heterogeneous form. Costs are generally high, and release of gas pollutants is a concern (Xuan et al., 2018).  

Different thermal methods are distinguished by the temperature required or the use of a flux. 

A simple thermal treatment up to 550°C already increases density of MSWI BA, perhaps by increasing burnout 

of organic matter, while decreasing leaching of certain PTE components, such as copper and antimony, and 

increasing leaching of others, such as molybdenum (Tang et al., 2014a, 2014b). 

Sintering is defined as “heat-induced coalescence and densification of porous solid particles, operated below 

the melting points of their major components” by Luo et al. (2019, p. 100). This treatment is performed at 

temperatures ranging from 700 to 1000°C and produces a glass-ceramic phase with high leaching stability  

(mostly affects Cl, DOC, Cu, and Pb) and higher pozzolanic reactivity (Vehlow, 2002; Xuan et al., 2018).  

Chlorides are removed by volatilisation, while the dissolved organics are decomposed, and even dioxins and 

furans are destroyed. However, the oxidation of Cr(III) to carcinogenic Cr(VI) may also occur under these 

temperatures. 

Fusion and vitrification are thermal treatment applied at temperature above 1000°C, sometimes as high as 

1300 or 1400°C. Vitrification requires the use of additives, such as glass frit (Lee, Wang, & Shih, 2008), whereas 

fusion does not (Luo et al., 2019). These methods significantly deplete a wide range of metals (Na, Cd, Pb, 

Hg, Zn) and non-metals (Cl, S, C), although the volatilisation of Zn is contested as it is a lithophilic element 

(Traber et al., 2002; Xuan et al., 2018). Leaching stability after treatment is contested with some saying it is 

considerably decreased (Lee et al., 2008; Traber et al., 2002) and others stating it is not affected (Vehlow, 

2002), although it is agreed upon that the treatment is rather expensive. 

2.1.5 Applications 
After treatment to reduce their environmental impact, MSWI BA may then be landfilled to already reach a 

much more sustainable practice than simply landfilling the municipal solid waste itself. However,  

application of bottom ashes requires very little extra treatment effort compared to landfilling (Vehlow, 2002),  

at least for the larger size fractions, so application is far more economical and also saves landfilling taxes 

(Tang et al., 2014a). The challenge is, however, to find utilisation potential which is efficient while requiring 

as little further treatment as possible. 



13 

 

Most applications of MSWI BA are directed towards construction due to obvious compatibility benefits 

(Joseph et al., 2018) and a number of these will be discussed in the following subsections. The main focus 

lies, however, on the use of MSWI BA in a blend with cement, as this is also the topic of this study. 

2.1.5.1 Cement blending 
Replacement of cement by MSWI BA is a common topic of interest for academic research and a selection of 

studies were analysed to find methods and important takeaways for the use of MSWI BA as a binder material.  

Filipponi et al. (2003) investigated the pozzolanic reactivity of MSWI BA in isolated form and as a cement 

replacement in a mortar. Bottom ashes were weakly pozzolanic and their reactivity only showed in mortars 

with high waste dosage (50%) at later ages (> 28 days). The use of MSWI BA always led to lower strength 

development than control specimens, but several options were listed to improve performance, for instance 

to increase specific surface area (SSA) and use appropriate chemical activators. 

These improvements were applied in Polettini et al. (2005) where MSWI BA was milled below 150 µm to 

increase SSA and several sodium and calcium salts were tested as chemical activators. Replacement of 

cement was performed at several different ratios. At ambient curing, a low Ca/Si C-S-H gel formed when 

MSWI BA was used, compared to the high Ca/Si C-S-H gel in reference specimens. The bottom ash was again 

found to be weakly pozzolanic and Na salts provided little capacity for activation, although the Ca salts did 

improve performance, most notably at 40°C curing, because increased Ca2+ concentration led to more 

portlandite being available for pozzolanic reactions. Results were best for low dosages of 10% MSWI BA.  

The work on chemical activators was continued by Polettini (2009), who tested more calcium salts and also 

potassium salts. Calcium chloride was found to be the best activator; with 4% CaCl2 and 20% MSWI BA the 

mortar developed strength similar to a 100% cement reference at 21-days. In addition to reasons given in 

previous work (Polettini et al., 2005), the authors explained the success of Ca-based activators by the 

possibility to form hydrates rich in Ca. K-based activators were less successful, however. This study 

recommended a MSWI BA replacement of 20%. 

In research by Bertolini (2004) dry ground and wet ground MSWI BA were compared in terms of their 

suitability to replace cement binder at a rate of 30%. Dry ground MSWI BA (d50 = 15 µm) resulted in mortars 

which showed expansion, decreased density, and low compressive strength; all of these were ascribed to 

the presence of metallic aluminium. Wet ground MSWI BA (d50 = 3 µm), on the other hand, did not result in 

expansion but yielded a compressive strength similar to the reference. The results were ascribed to 

pozzolanic reactions or the filler effect of having very fine particles take up the spaces between cement 

particles and creating a dense matrix. 

Another study which applied a rather finely milled MSWI BA (d90 = 45 µm) yielded a similar compressive 

strength to reference specimens at 28-days when replacing cement at 20% (Wongsa, Boonserm, 

Waisurasingha, Sata, & Chindaprasirt, 2017). The  main positive effects of the addition of MSWI BA were its 

high fineness causing a filler effect for the nucleation of hydration products and low pozzolanic behaviour 

causing formation of additional hydration products, which led to a refinement of porosity and a denser 

matrix. Compared to other works, the fineness of the MSWI BA is therefore certainly one of the reasons for 

its good performance. 

Some works did not compare the compressive strength of mortars with MSWI BA directly to the specimen, 

but used the pozzolanic activity index (Caprai et al., 2018; Zhang & Zhao, 2014), which is the compressive 

strength relative to the cement content, also known as the effectiveness as defined in EN 450, the European 

norm for fly ashes (CEN, 2012). Caprai found that mechanical activation of MSWI sludge (fines removed from 

bottom ash in a sludge) required mechanical activation to achieve the benchmark value of 0.75 for the 

activity index at 28 days, at a replacement rate of 25%. Zhang & Zhao applied a wet ground MSWI BA with 
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very high fineness (d90 = 11 µm) to find the activity index could be matched at a replacement of 30% even, 

but no higher. 

Research by Tang and others (2014a) studied the effect of of thermal treatment and sieving on the finer size 

fractions of MSWI BA, when the product was used to replace cement by 30%. All mortars showed lower 

strength than the reference, which was ascribed to weak pozzolanic behaviour and metallic aluminium 

content. This work also suggested the content of organic matter may lead to poor performance; a conclusion 

not found in other works. 

Chen & Yang (2017) provided some interesting insights into the hydration behaviour of mortars containing 

MSWI BA (milled below 150 µm, replacement ratio of 20%) by studying calorimetry. Results showed that BA 

contains a large amount of soluble calcium, which inhibits the dissolution of C3S and therefore delays the 

nucleation of C-S-H and CH. Heavy metals are also of influence, since these may form insoluble metal 

hydroxides which precipitate on cement clinker grains and delay hydration. 

Lastly, some insight into the phase composition of hydration products formed under the presence of MSWI 

BA was provided by Garcia-Lodeiro et al. (2016). Although their mortars with developed low strength, these 

authors did show that certain melilite phases (gehlenite) may positively participate in hydration reactions,  

forming C-A-S-H gels which were able to fixate some PTEs such as S, Cl, Zn, and Pb, while portlandite content 

also decreased over time, hinting at pozzolanic reactivity. 

2.1.5.2 Others 
Although not directly related to this research, information on the tested applications of MSWI BA as either a 

coarse or fine aggregate in mortars and concretes will provide knowledge of some of the pitfalls of 

incorporating MSWI BA in cementitious products. 

An extensive study was performed by Müller & Rübner (2006) into the use of coarse MSWI BA as a replacement 

for gravel aggregate in concrete. Pitting, cratering, and especially spalling were very common for test 

samples after curing, and three main pathologies were observed. 

1. Alkali-silica reaction (ASR) of glassy parts leading to formation of a voluminous internal gel which 

caused cracks within the aggregates. This reaction is closely related to the pozzolanic reaction and 

explained in Ichikawa & Miura (2007) by the following scheme of reactions: 
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Scission of siloxane networks in aggregates results in alkali silicate and silicic acid (R+ denotes an 

alkali metal such as Na+ or K+); 
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Silicic acid reacts very rapidly with hydroxyl ions to produce more alkali silicate; 
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ASR results in an oligomeric alkali silicate gel which is hygroscopic and expands upon hydration. 

This type of pathology was not, however, found in any applications of MSWI BA to replace cement.  

2. Metallic aluminium reaction (MAR) with alkaline water producing hydrogen gas which caused 

increased porosity and spalling. This reaction was explained in Joseph et al. (2018) as the oxidation 

of aluminium in an alkaline medium by the reaction below: 
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 2Al (s) + 2OH-  (aq) + 6H2O (l) → 2[Al(OH)4]
-
 (aq) + 3H2 (g) (4) 

This reaction is known to occur also with metallic zinc and was identified also when MSWI BA was 

used as a cement replacement (Bertolini et al., 2004; Tang et al., 2014a). 

3. Reaction of free aluminate with calcium sulphate to form AFt or AFm phases, which entail a large 

volume increase. This was only observed as a minor issue. 

It was noted by Müller & Rübner (2006) that MAR in particular caused rapid deterioration of the concrete 

products, whereas the other reactions were much slower. These pathologies were corroborated in other 

research (Joseph et al., 2018; Xuan et al., 2018), while abundance of chloride ions in MSWI BA was listed as 

an additional risk due to their ability to induce chloride attack. Joseph et al. (2018) concluded on MAR and 

ASR by stating that these could be mitigated by washing with alkali. 

Furthermore, other research has found that incorporating MSWI BA as fine aggregate in concrete leads to 

reduced workability, higher water absorptivity, and higher air content (Zhang & Zhao, 2014), although this 

problem may be mitigated by pre-wetting the material before use (Joseph et al., 2018). 

Numerous other applications of MSWI BA exist, although most are under development or only applicable on 

the smaller scale. The most common application of MSWI BA nowadays is the use as road construction filler 

or aggregate material, where it may replace regular gravel (Joseph et al., 2018; Polettini et al., 2005; Vehlow, 

2002), but this application downgrades the material and is therefore not preferred in comparison to, for 

instance, using MSWI BA to replace cement. 

Other suitable applications are using bottom ashes as a replacement for resources in cement (Lam et al., 

2010; Y. Li et al., 2016), incorporation of aluminium-rich MSWI BA in the production of autoclaved aerated 

concrete, where it may replace the aluminium foaming agent (Joseph et al., 2018), production of glass-

ceramic bodies (Müller & Rübner, 2006), use in agriculture for its nutrients, use as a stabilising agent in landfill  

covers, use as an adsorbent alternative instead of activated coal, or the production of zeolites (Lam et al., 

2010).  
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2.2 Converter steel slag 
2.2.1 Production process 
Modern methods of steelmaking consist of several steps, to begin with the reduction of iron ore to molten 

metallic iron at high temperature and in the presence of a reductant (cokes) in a blast furnace (BF). The 

resulting product is pig iron, which is still rich in impurities such as carbon, sulphur, and phosphorus, and 

must be purified before the pig iron becomes steel. 

Molten iron is converted to steel in a basic 

oxygen furnace (BOF) where it is heated to 

about 1600°C together with a fluxing agent 

(lime and dolime, which is dolomitic lime) and, 

following the Linz-Donawitz method, pure 

oxygen gas is blasted into the charge through 

a lance which forces oxidation. The impurities 

in pig iron are oxidised in preference to iron 

itself, and therefore leave the molten iron to 

float on top in a slag layer. At the end of the 

process the purified steel is separated from the 

slag layer, as schematically represented in 

Figure 2.4. For each tonne of steel, typically 

100 kg of steel slag are produced (Juckes, 

2003). 

Hot slag is then cooled and weathered for a 

certain amount of time after production, and 

both of these processes are influential on the 

properties of the slags, which is why the 

different possibilities will be listed in section 

2.2.3 after a discussion on typical slag 

characteristics. 

Slags from the BOF process are also specifically named converter steel slags (CSS), and there are more types 

of steel slag produced by alternative furnaces such as electric arc (EAF) or ladle furnaces (LF), but these are 

not the topic of this research and the term slag is used in this work to refer to CSS only. 

2.2.2 Typical characteristics 
2.2.2.1 Physical properties 
Converter steel slags have a high density compared to natural aggregate material due to the mineralogical 

and chemical composition, most notably due to its dense structure and high iron content (Juckes, 2003). 

The specific gravity of CSS may range from 3.3 to 3.6 g/cm³, which is about 30% higher than regular natural 

aggregates (Jiang et al., 2018; Yi et al., 2012). Other physical properties include high abrasion resistance and 

hardness. 

2.2.2.2 Chemical composition 
A key feature of CSS is the high lime/silica ratio, so these slags are typically rich in calcium. Presence of 

magnesium is also expected, either from the fluxing agent or from the refractory lining of the furnace 

(typically dolomite). Silicon is also present because this element is oxidised in the hot metal and enters the 

slag. The same goes for phosphorus. Removal of the latter is important to properly purify steel and 

phosphorus is better removed if there are sufficient amounts of Si present (Juckes, 2003). The basicity (or 

Figure 2.4: Schematic overview of the BOF converter and its in- and 

outputs (Jiang et al., 2018). 
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alkalinity) ratio (A) of CSS is a commonly mentioned parameter and is defined as follows (Naidu et al., 2020;  

Xuequan et al., 1999): 

 
A = 

CaO

SiO2 + P2O5

 Eq. 2.1 

Or, in other words, the content of calcium divided by the content of silicon and phosphorus. It is noteworthy 

that if A > 1.8, CSS may show cementitious properties (Xuequan et al., 1999). 

Presence of iron is unavoidable since it may oxidise slightly under the BOF conditions and enter into the slag.  

A study on iron speciation in CSS found mostly Fe2+ in CSS, along with minor quantities of Fe3+ and barely 

any Fe0 (Gautier, Poirier, Bodénan, Franceschini, & Véron, 2013). Other transition metals such as manganese, 

nickel, or chromium may be found in CSS, either because these are alloyed with steel or because they were 

present in iron ores (Juckes, 2003). 

Generally speaking, the elemental composition is dominated by CaO, FeO, and SiO 2, followed by Al2O3 and 

MgO, as well as low contents of MnO and P2O5 (Jiang et al., 2018; Piatak, Parsons, & Seal, 2015; Yi et al., 2012). 

2.2.2.3 Phase composition 
The mineralogy of CSS depends first and foremost on the composition and amount of the inputs into the 

converter, which are the molten iron and the fluxing agents added. These are determined by the steel grade 

which is required but reflect upon the characteristics of the slag as well. Additionally, mineralogy depends 

on the method of cooling and the time the product is allowed to weather. These aspects influence the type 

of phases formed, the size of crystals formed, and the reactivity, as will be explained later.  

Commonly, the following phases are identified in CSS samples: dicalcium silicate (larnite - C2S), calcium 

ferrites (such as brownmillerite, which also contains aluminium), RO phases (mixed metal mono-oxides such 

as FeO, MgO, CaO, and MnO, usually in solid-solution), spinel phases such as magnetite (Fe3O4), and 

tricalcium silicate (hatrurite - C3S) in small amounts  (Gautier et al., 2013; Jiang et al., 2018; Juckes, 2003;  

Piatak et al., 2015). Although part of the RO phases, free lime (f-CaO) and free magnesia (f-MgO) should be 

mentioned separately, since these may cause durability issues, which will be discussed in the next section.  

Among these phases, C3S, CaO, and MgO are typically present at the maximum furnace temperature, but as 

the slag cools, C3S breaks down into C2S and more CaO, and calcium ferrites start to crystallise the very last,  

which is why these phases show high levels of substitution (Gautier et al., 2013). Abundant presence of Ca2+  

ions in the slag leads to difficulty in formation of a glassy phase, because calcium ions reduce the 

polymerisation of silica chains, so CSS is a predominantly crystalline material (Carvalho et al., 2017). 

If the slag is allowed to weather, secondary phases may form from interactions with water and air, such as 

carbonates, phosphates, hydroxides, and Fe oxides (Piatak et al., 2015). 

2.2.2.4 Durability aspects 
Durability of CSS seems to be governed by the presence of free lime and free magnesia, since these phases 

may react with water to form hydroxides and subsequently with air to form carbonates, and both of these 

reactions cause a significant increase in volume. This phenomenon may jeopardise the stability of products 

formed with CSS (Juckes, 2003) and thus limits the application of CSS. 

Reactions of f-CaO and f-MgO may increase volume by 98% and  148%, respectively, and f-CaO typically 

reacts within several weeks or months while f-MgO, although more impactful, requires much more time 

(Jiang et al., 2018). Reactions are also more destructive when these occur with moist air compared to liquid 

water, because liquids may transport the reaction products to yield a smaller volume increase (Juckes, 

2003). 
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Brand & Roesler (2014) investigated a variety of slags to find that free lime (f-CaO) content may be as high as 

3.4 wt.%, calcium hydroxide content around 1.3 wt.%, and calcium carbonate content around 3.0 wt.%. Later 

studies have found significantly lower amounts of f-CaO, however, even down to 0.42 wt.% (Carvalho et al., 

2017). 

Determination of f-MgO has been notoriously difficult (Juckes, 2003), although recently several novel 

methods have been developed (Hanada, Inose, & Fujimoto, 2017; Uehara & Takita, 2018), which have found 

that Mg(OH)2 content is typically quite low, whereas MgO content may be quite high and not properly  

represented by the bulk composition as found in elemental analysis. 

Other breakdown or expansion reactions have been found in CSS, such as oxidation of FeO to magnetite,  

formation of silicate hydrates, hydration of sulphide phases, or rusting of steel inclusions. These processes 

are of minor importance to say the least, since these are not common and relate to minor components only 

(Juckes, 2003). 

2.2.2.5 Environmental aspects 
Steel slag may contain rather high trace element concentrations of several PTEs, such as vanadium and 

chromium (Schollbach, Ahmed, & Van der Laan, 2020), and it was therefore found that leachable 

concentrations of PTEs may be too high for these elements, as well as arsenic and cobalt (Piatak et al., 2015). 

Other research has found that leaching is usually within permissible limits, however, with the possible 

exception of chromium (Jiang et al., 2018; Naidu et al., 2020). 

Calcite and larnite within CSS can provide some acid-buffering because these phases will react by 

neutralisation under acidic conditions. Leachate pH is typically around 12, because these acid-neutralising 

phases outweigh any acid-generating (sulphur-based) phases (Piatak et al., 2015). In spite of containing low 

PTE concentrations, CSS leachates may therefore still be harmful to aquatic and terrestrial lifeforms due to 

its alkalinity disturbing natural pH balances (Naidu et al., 2020). 

2.2.3 Property improvement 
It is not necessary to enhance the properties of CSS out of environmental considerations; simply utilising 

CSS is enough to prevent alkaline leachates from affecting groundwater or soil, which would happen in the 

case of landfilling. Currently, the main issues in the application of CSS are the durability issue posed by the 

content of f-CaO and f-MgO, and low reactivity of the cementitious phases which constitute its mineralogy.  

These properties may be mitigated or enhanced through adjustment of the production process at three 

stages: 1) in the BOF furnace, 2) during cooling, and 3) in the form of a treatment after production.  

Process modifications may reduce the content of free lime through the choice of a lower lime/silica ratio, 

longer oxygen blowing time, selection of a better source of lime for faster dissolution, or the use of solid BOF 

as a flux instead of lime. These are all effective options but affect the steelmaking process itself negatively,  

which is why these are usually not opted for (Juckes, 2003). 

The choice between various cooling methods also affects properties, specifically the reactivity of the product 

and its textures or porosity (Juckes, 2003). Methods are often similar to those applied to ground-granulated 

blast-furnace slag (GGBFS), but it must be noted that not all cooling methods have the same effects for both: 

rapid cooling leads to an amorphous GGBFS, whereas CSS is crystalline independent of the cooling method 

(Schollbach et al., 2020).  

Slow and rapid cooling processes are both viable options, because each have their own benefits, as is 

illustrated in Table 2.2 (Gautier et al., 2013; Juckes, 2003; Naidu et al., 2020; Piatak et al., 2015; Yi et al., 2012;  

Zhao, Wang, Yan, Zhang, & Wang, 2016). It is important, therefore, that the method of cooling matches the 

purpose of the CSS. Rapid cooling processes such as water-spraying are known to lead to better 

cementitious properties combined with a lower content of free lime. 
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Table 2.2: Several aspects of slow/rapid cooling processes of CSS. 

 

Finally, it is also possible to treat steel slags after production in various ways. It is common practice to 

employ atmospheric weathering for a minimum of six months to hydrate and carbonate unstable phases in 

the slag, such as free lime and magnesia, through direct contact with water and air (Jiang et al., 2018; Juckes, 

2003). The duration of atmospheric weathering may be tailored to the content of these unstable phases, to 

ensure proper stabilisation. 

Applying other treatment methods to CSS is usually too costly to be feasible (Juckes, 2003). In the rare case 

that leaching of PTEs is expected, accelerated carbonation may be employed to capture zinc and 

molybdenum, or spinel-forming agents may be added to capture chromium (Jiang et al., 2018). CSS may 

also be crushed to magnetically remove any content of metallic iron. 

2.2.4 Applications 
2.2.4.1 Cement blending 
When treated and weathered CSS is ready for application, there are a few options. Using this material as a 

binder alternative has obvious theoretical foundation due to the presence of cementitious phases and due 

to the reactivity of granulated (water-quenched) slags (Piatak et al., 2015; Yi et al., 2012). A study on the self-

hydrating and hardening property of CSS has shown that the material is indeed cementitious, albeit to a very 

small extent compared to Portland cement (Zhao et al., 2016); hydration products were described as being 

very similar to cement, but hydration degree is relatively low. Nevertheless, CSS shows a larger growth rate 

of strength than cement, suggesting that it may lead to good results when mixed into cement in smaller 

quantities. 

When blended with cement, CSS has shown very good results when finely ground, such as a 28-day 

compressive strength of 46 MPa when replacing cement at a rate of 30% (Akin Altun & Yilmaz, 2002), but 

slightly poorer results have also been found, due to the dense structure and the presence of non-hydraulic 

γ-C2S, which have led to the conclusion that replacement rates should be between 10 and 20%  (Jiang et al., 

2018). Despite these results, current industry practice is to use no more than 5-10% of CSS as an admixture 

in cement, if it is used at all (Carvalho et al., 2017). 

Conclusions from previous studies show that the properties of individual slag samples vary greatly, and that 

the success or failure as a cement admixture with cementitious properties depends on many aspects, such 

as basicity ratio, fineness, specific surface area, and cooling and weathering history (Jiang et al., 2018; Naidu 

et al., 2020; Yi et al., 2012). The composition in terms of cementitious phases is also important, obviously a 

higher content of such phases will cause better hydration. Regardless of differences between various CSS 

samples, most commonly described negative effects are reduced compressive strength and heat of 

hydration, while positive effects include increased workability, due to lower water demand, and larger later-

age increases in compressive strength. 

For this reason, CSS is still receiving attention as a cement alternative, and recent research has aimed at 

improving cementitious qualities, or even the development of a CSS binder without any cement at all, which 

is based on quaternary mix of CSS, GGBFS, gypsum, and alunite  (Xiang, Xi, Li, & Jiang, 2016). 

Slow cooling methods Rapid cooling methods

C₃S breaks down into C₂S and CaO Prevents breakdown of C₃S into C₂S and CaO

Less free lime from other sources More free lime from other sources

Higher content of phosphorus Free lime may be removed by water-quenching

Large crystal sizes Small crystal sizes

Better dissociation of phases More reactive product
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Another niche of CSS research has been the combination of steel slag with silica-rich additives, such as fly 

ash, which could remediate negative effects of CSS on mortar quality, while also providing some additional 

strength due to latent pozzolanic reactions (Jiang et al., 2018). Although rarely investigated, such mortars 

have showed very good strength development using a CSS of high basicity ratio (Xuequan et al., 1999), which 

provides incentive to combine CSS with other silica-rich additives such as MSWI BA to reach similar results. 

2.2.4.2 Others 
Application possibilities of CSS apart from the use as a cementitious binder are numerous, although most 

well-known is the application as an aggregate in road construction or concrete (Brand & Roesler, 2014; Jiang 

et al., 2018; Juckes, 2003; Naidu et al., 2020; Piatak et al., 2015; Yi et al., 2012). This application has met severe 

issues in the past due to the volume instability of free lime and magnesia, which has led to the rise of 

treatments such as weathering or accelerated carbonation, or the use of CSS in situations where the 

vulnerabilities are less relevant, such as in bituminous mixes, where the matrix protects the aggregate from 

water ingress. 

It seems that the volume instability phenomenon of CSS has left its mark on academic research as well as 

industry, since it is still considered as the largest technological barrier to the application of CSS, even though 

modern production and treatment methods are already able to achieve lower contents of CaO (Carvalho et 

al., 2017) and free lime and magnesia content are much less considered an issue for CSS as a cementitious 

additive (Jiang et al., 2018). For this research, volume instability is therefore not considered a major risk of 

the utilisation of CSS. 

Many other possible routes for steel slag utilisation exist (Jiang et al., 2018; Naidu et al., 2020; Piatak et al., 

2015; Yi et al., 2012), some of which may occur in-plant, such as reclamation of waste steel or re-use of slag 

as a fluxing agent, and some many occur in other building material industries such as the production of 

glass-ceramics or cement clinker. Lastly, some applications may relate to other industry fields such as 

(industrial) wastewater treatment, CO2 capture, flue gas desulphurisation, soil enrichment and treatment, or 

metal recovery. 
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2.3 Conclusion 
This literature review encompassed a range of state-of-the-art research studies and review papers on the 

two materials and from the extensive study of material properties and investigated applications, it may be 

appreciated that neither MSWI BA nor CSS are materials which can be applied without precautions.  

The following salient features were found regarding MSWI BA and its application in a cement blend: 

▪ Studies have met largely varying degrees of success, which reflects first and foremost the 

heterogeneity of the material; 

▪ Successful application depends firstly on physical properties of the MSWI BA such as particle shape,  

density, packing, and most importantly: fineness; 

▪ Successful application depends secondly on chemical properties such as content of metallic  

aluminium, organic matter, degree of pozzolanic reactivity, and mobility of PTEs; 

▪ Chemical properties depend on the size fraction of the MSWI BA, with fine size fraction being more 

contaminated; 

▪ Metallic aluminium content was found to be extremely deleterious to application of MSWI BA, which 

is why pre-treatments such as wet-grinding are imperative to reduce aluminium content; 

▪ Successful application depends thirdly on research parameters such as replacement ratio and the 

use of chemical activators.  

With regards to CSS and its application in a cement blend, several other interesting aspects were found: 

▪ Currently, CSS is already applied as a replacement material for Portland cement, but replacement 

rates are typically low, ranging from 5 to 10%. 

▪ CSS is a high-density material due to its high content of calcium and iron; 

▪ Presence of cementitious phases in CSS grants hydraulic properties, although rate of reactivity may 

be slow due to the dense structure and large crystal sizes; 

▪ Presence of unstable f-CaO and f-MgO in CSS may cause durability issues, although this issue is 

related rather to applications as aggregate than as hydraulic binder; 

▪ Presence of PTEs such as vanadium, chromium, arsenic, and cobalt may cause high leaching 

concentrations; 

▪ There are few studies on the application of CSS as an additive in a cementitious binder compared  

to MSWI BA. Authors have concluded that more research is necessary on how CSS affects binder 

hydration or on methods of increasing reactivity. 

Finally, to the best of the author’s knowledge, applications of MSWI BA and CSS together have not been 

investigated before, although CSS has been successfully combined with other pozzolans in the past. This 

gives credibility to the theory that MSWI BA and CSS could enhance each other’s respective pozzolanic and 

cementitious properties when used as additives in a cementitious binder. 
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3 Material characterisation 
3.1 Methodology 
Four raw materials were used in this study: CEM-I as the main binder for test mortars, converter steel slag 

(CSS) and municipal solid waste incineration bottom ash (MSWI BA) as two eligible and ecological  

replacements for cement, and lastly an inert filler composed of ground quartz sand. 

CEM-I cement of type 42.5 N originating from ENCI Maastricht (Netherlands) was used throughout this 

research, while the CSS originated from Tata Steel Industries in IJmuiden (Netherlands) and MSWI BA 

originated from Blue Phoenix Group in Rotterdam (Netherlands). Both cement replacements were ground 

at a Blue Phoenix Group processing plant and delivered as powder for this research, with the bottom ash 

being wet-ground to acquire sufficient fineness and also to minimise metallic aluminium content. Quartz 

sand was milled to powder in the research lab, to match the cement replacements in fineness. 

3.1.1 Physical properties 
3.1.1.1 Particle size distribution 
Before use, all four materials were subjected to an extensive initial characterisation starting with 

measurement of particle size distribution (PSD) by laser diffraction analysis in a Mastersizer 2000 apparatus 

using isopropanol for sample dispersion (demineralised water was used for the quartz sample), following 

measurement guidelines specified by Arvaniti & De Belie (2014). 

3.1.1.2 Density 
Density of the powders was calculated by two methods: the tapping method and the gas displacement 

method using a helium pycnometer (Micromeritics AccuPyc II 1340), of which the former gives the bulk 

(tapped) density (ρbulk) and the latter the apparent particle density (ρparticle). The measurements were 

conducted following guidelines by Micromeritics (Webb, 2001) and the results were used to calculate 

porosity (Φ) using the formula below to get an idea of the degree of packing in the different powders. 

 Φ = 
ρ

bulk

ρ
bulk

 + ρ
particle

 Eq. 3.1 

3.1.1.3 Water demand 
The water demand of the powders was determined by a Puntke test performed in triplicate (Nanthagopalan,  

Haist, Santhanam, & Müller, 2008) using 50 g of powder and adding water in small aliquots of 1 mL at a time 

to find how much water is required to fully saturate the powder. This method is not entirely accurate, since 

the presence of air voids cannot be fully ruled out, but the results are still useful because when used in a 

mortar, these air voids will also be present in the powders (Fennis, 2008). 

3.1.2 Chemical properties 
Next, the powders were finely ground in a planetary ball mill (Fritsch Pulverisette 5) using zirconia grinding 

vessel and balls until a d90 value of 40 μm was obtained. The fine powders were subjected to a compositional 

analysis by Rietveld-quantified X-ray diffraction (XRD) and thermogravimetric analysis (TGA) for phase 

composition, and by X-ray fluorescence spectroscopy (XRF) for elemental composition. The benefit of 

performing TGA analysis in addition to XRD, is that it grants some additional information in terms of, for 

instance, content of calcite or organic matter. 

3.1.2.1 X-ray diffraction crystallography 
Powders were prepared for XRD by mixing sample with an internal standard, in this case silicon powder 

obtained from Sigma-Aldrich, which was added at a rate of 10 wt.% and then homogenised with the sample 

using an XRD mill (McCrone, Retsch). XRD samples were prepared using the backloading method (see Figure 

3.1) and analysed using a Bruker D4 Endeavor equipped with Co-tubes (Kα1 1.7901 Å and Kα2 1.7929 Å) over a 
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2θ range of 10 to 90°. Samples were analysed at a step size of 0.019° and 1 second per step, following 

guidelines by Snellings (2016). Subsequently, phase identification was performed using X’Pert HighScore 

Plus 2.2 (PANalytical) and quantification with the TOPAS software (Bruker) by Katrin Schollbach. 

    

Figure 3.1, left to right: a) Preparation utensils for the backloading method, b) Example of a finished sample for XRD analysis 

3.1.2.2 Thermogravimetric analysis 
Small amounts of powder (50 ± 10 mg) were taken for TGA and transferred to alumina crucibles. These were 

placed in a Netzsch STA449 F1 Jupiter thermal analysis apparatus and heated from room temperature to 

1000°C at a heating rate of 10°C/min under nitrogen atmosphere with a flow rate of 20 mL/min. Mass loss 

data was analysed using Netzsch Proteus Thermal Analysis software. TGA curves of the four raw materials 

were analysed for decomposition in temperature regions characteristic to certain components, all based on 

literature, using the tangential method to estimate mass loss relating to these components as explained in 

Lothenbach, Durdziński, & De Weerdt (2016). Most notable components are calcite for cement, MSWI BA, and 

CSS, gypsum for cement, and organic matter for MSWI BA. 

3.1.2.3 X-ray fluorescence analysis 
Before XRF analysis, samples of fine powder were heated to 1000°C in a muffle furnace to obtain loss on 

ignition (LOI) by weighing before and after heating (LacCore, 2013). The resulting powders were used to 

prepare fused beads for XRF analysis with the borate fusion method following preparation guidelines set out 

by Watanabe (2015): sample powder and a fluxing agent consisting of 67% lithium tetraborate and 33% 

lithium metaborate were homogenised at a sample to flux ratio of 1:9 (or 1:19 in the case of CSS) and a small 

amount of lithium iodide was added as releasing agent (additions ranging from 100 µl to 300 µl depending 

on sample). The sample was fused in a Claisse LeNeo oven for 24 minutes at 1065°C using a platinum crucible 

and cast. XRF analysis was then performed on the fused bead by quantification of XRF spectra using a 

standardless method (Omnian) on a PANalytical epsilon3 apparatus, which quantified the elemental 

composition in terms of oxides. 

3.1.3 Microstructural properties 
To obtain relevant information on additional properties such as particle size, shape, and composition, a 

microstructural analysis of the four raw material powders was performed by scanning electron microscopy 

(SEM). Samples were prepared by placing conductive carbon tape on an aluminium stub, adding a few 

sprinkles of powder and blowing off loose residues with compressed air. To enhance electrical conductivity, 

the samples were gold-coated using a Turbo Sputter Coater K575X Dual. SEM analysis was performed under 

vacuum on a Phenom Pro X electron microscope with an accelerating voltage of 10 kV and at point density 

on the backscattered electrons detector mode. Micrographs were taken and additionally several point 

analyses of elemental composition were performed by energy-dispersive X-ray spectroscopy (EDX) for the 

MSWI BA sample only, to investigate the heterogeneity of these particles.  
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3.1.4 Supplementary tests 
In addition to the basic characterisation tests which are performed for all four raw materials, several extra 

steps are taken to characterise the properties of MSWI BA specifically. Metallic aluminium content and, more 

importantly, the pozzolanic reactivity are determined. 

The degree at which a material is able to consume portlandite by a reaction with silica and in the presence 

of moisture, thereby forming calcium silicate hydrates, is the pozzolanic reactivity. This reaction, as shown 

below, indeed requires the presence of moisture (H), portlandite (CH), typically originating from reacted 

cement, and silica (S), originating from the pozzolanic material. Moreover, silica must be finely ground and 

present in its amorphous form and not in a crystalline form such as quartz (Cheriaf, Cavalcante Rocha, & 

Péra, 1999; Filipponi et al., 2003). 

 S + CH + H → C-S-H (5) 

Pozzolanic reactivity produces additional C-S-H and therefore pozzolans are classified as supplementary  

cementitious materials. Two methods of determining reactivity are applied to MSWI BA in this study. 

3.1.4.1 Frattini test 
The Frattini test may be succinctly described as an evaluation of portlandite saturation by measuring OH¯ 

and Ca2+ concentrations, following the definition of Li et al. (2018). Since the pozzolan will consume 

portlandite, a reduction of calcium ions in the solution will indicate pozzolanic reactivity.  

A test guideline by Donatello et al. (2010) was followed, using cement and pozzolanic test material (16 and 4 

g respectively) to make test specimens. Three different materials were tested, with the aim of comparing the 

reactivity of MSWI BA to a highly pozzolanic and an inert material, which are, in this study, coal fly ash and 

quartz, respectively. A control sample of 20 g cement was also prepared. The four samples were mixed with 

100 mL of distilled water and left to cure for 8 days at 40°C in a sealed plastic container. 

After curing, the samples were filtered and allowed to cool before analysis. Leachates were analysed for 

[OH¯] by pH measurement using a Voltkraft PH-100ATC pH electrode and for [Ca2+] by ion chromatography  

in a Dionex 1100 ion chromatograph equipped with ion exchange column, using small samples of 2 mL of 

leachate which were first filtrated through a 0.2 µm filter. To determine pozzolanic reactivity, [Ca2+] values 

were plotted against the lime solubility curve, where a value below the curve indicates pozzolanic reactivity. 

This test method is well-established in scientific literature (Filipponi et al., 2003; Polettini et al., 2009),  

although its main drawback is that it does not account for other sources of calcium ions (Donatello et al., 

2010), which is why an additional test was performed. 

3.1.4.2 R3 test 
Recently, a new test method for determination of pozzolanic reactivity was developed (Avet, Snellings, Alujas 

Diaz, Ben Haha, & Scrivener, 2016), which is more reliable because it omits the use of cement to prevent the 

interference of clinker hydration with pozzolanic reactions, while also using lab grade chemicals for better 

reproductivity (Li et al., 2018). This is the R3 test and was also found to correlate better to actual strength 

development of pozzolans. A model binder system is prepared, which may be analysed for pozzolanic 

reactivity in one of three ways: calorimetry, bound water quantification, or portlandite quantification. This 

study applies the portlandite method. 

The model system was prepared using the pozzolan, portlandite, deionised water, and several other 

chemicals, at the rates provided in Table 3.1. In this case, three samples were prepared where the pozzolan 

was either quartz, MSWI BA, or coal fly ash. Again the purpose was to compare MSWI BA to a highly reactive 

material (coal fly ash) and an inert material (quartz). The dry ingredients were first weighed and mixed, after 

which the required amount of water was added to make a paste. After preparation, the three pastes were 

cured at 40°C for 7 days before analysis. 
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Table 3.1: Composition of the model system for the R3 test. 

 

Hydration of the cured pastes was stopped with the solvent exchange method (described elaborately in 

section 4.1.4 and small amounts of dry paste powder were transferred to alumina crucibles and heated in a 

Netzsch STA449 F1 Jupiter thermal analysis apparatus from room temperature to 1000°C at a heating rate 

of 10°C/min under nitrogen atmosphere with a flow rate of 20 mL/min. Mass loss data for portlandite and 

calcite was analysed using the Netzsch Proteus Thermal Analysis software. A correction of the TGA results 

was performed because it was expected that some unwanted carbonation of CH would occur over the 

different test method steps, which is discussed in more detail in Appendix I. Results are presented on 

hydrated paste basis as suggested by Lothenbach et al. (2016), using w/b ratio calculated from the sample 

composition (Table 3.1). 

3.1.4.3 Metallic aluminium content 
A high content of metallic aluminium (or zinc) in MSWI BA is known to jeopardise its application in 

cementitious products due to the formation of hydrogen gas, which may cause cracks and spalling of the 

cement matrix (Müller & Rübner, 2006). When the material comes into contact with the alkaline pore 

solution, metallic aluminium will oxidise following Reaction (4) mentioned in the literature study. Knowledge 

of the metallic aluminium content is therefore crucial and may be obtained by allowing the reaction to occur 

in a controlled atmosphere where the release of hydrogen gas is quantified. A test method for hydrogen gas 

quantification was applied in this study, following guidelines set out in Alam (2019). 

For this test method 10 g of BA was added to 200 mL of 3 M NaOH and stirred continuously. Any hydrogen 

gas which was formed was collected in a graduated cylinder filled with water and quantified by downward 

displacement of water, over the course of 24 h. It was ensured that the system, visualised in Figure 3.2, was 

sealed air-tight with the use of grease. The volume of released hydrogen gas was read off the cylinder and 

used to compute the content of metallic aluminium using the ideal gas equation and reaction stoichiometry. 

 

Figure 3.2: Overview of the experimental set-up for the determination of metallic aluminium.  

R3 test

Pozzolan                   

[g]

Portlandite          

[g]

Water     

[mL]

KOH                             

[g]

K₂SO₄           

[g]

Calcite            

[g]

Sample 11.11 33.33 60.00 0.24 1.20 5.56

Sample composition
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3.2 Results 
3.2.1 Physical properties 
Physical properties resulting from raw material characterisation are summarised in Table 3.2, which shows 

the water demand quantified as water-to-binder (w/b) ratio. Additionally, the PSD of the raw materials is 

visualised in Figure 3.3 and Figure 3.4, as a distribution and cumulative distribution, respectively. 

Table 3.2: Physical properties of raw materials determined in material characterisation. 

 

Among the four raw materials, the bottom ashes are a bit finer, whereas the other three are very similar. It is 

also noteworthy that the cement contains less fine material because it has the highest d10 value, which may 

be because the other materials are freshly milled, whereas cement has been stored longer and 

agglomerated slightly. The bulk density of the bottom ash is very low, despite the relative fineness of this 

material. This suggests that the bottom ash has very irregularly shaped particles which are poorly packed. 

In any case, it is expected that the four powders have a sufficiently comparable fineness to make mortar 

prisms and binder paste disks which are also comparable. 

The water demand of the individual materials shows rather large differences, and it is expected that this will 

lead to large differences in water demand of mortars or binder pastes prepared with these materials as well. 

Porosity and water demand of the materials seems to correlate well, which is explained by the voids that 

water has to fill between the particles of each material. 

To avoid differences in water demand in the binder pastes and mortars, it is decided to replace cement 

based upon volume calculated by the bulk density. 

 

Figure 3.3: Particle size distribution chart of the four raw materials. 
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w/b ratio                    

[-]

CEM-I 4.99 21.04 65.44 1.41 3.08 54.2 0.26

MSWI BA 1.94 12.05 39.91 1.02 2.79 63.3 0.46

CSS 1.98 18.79 68.01 2.17 3.76 42.2 0.14

Quartz 1.98 14.85 61.99 1.26 2.66 52.9 0.22
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Figure 3.4: Cumulative particle size distribution of the four raw materials. 

3.2.2 Chemical properties 
3.2.2.1 Phase composition 
The results from the chemical properties analysis are divided by analysis method. Firstly,  XRD scans were 

analysed by matching intensity peaks to corresponding phases, and phase content was subsequently  

quantified relative to the internal standard. Figure 3.5 demonstrates the XRD scan of the Portland cement 

used in this study as an example; scans of the other three raw materials may be found in Appendix II. Table 

3.3 shows the quantified phase composition of the raw materials, which is also visually displayed in Figure 

3.6 in a more summarised manner. 

 

Figure 3.5: Analysis of the CEM-I XRD scan. Phases are indicated by abbreviation: C2S = dicalcium silicate (larnite), C3S = tricalcium 

silicate (hatrurite), C4AF = tetracalcium aluminoferrite (brownmillerite), CH = calcium hydroxide (portlandite), Cc = calcium 

carbonate (calcite), Cs = calcium sulphate (anhydrite), CT = calcium titanate (perovskite), M = magnesium oxide (periclase), Q = 

silicon dioxide (quartz), S = silicon (internal standard). 

The composition of CEM-I does not seem out of the ordinary, with the bulk of the composition consisting of 

cement clinker phases. The bottom ash is, as expected, a rather complex and heterogeneous material, which 
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consists of a number of refractory phases (quartz/magnetite/wuestite), weathering phases (calcite), 

sintering phases (diopside/albite), and a melilite slag (åkermanite). XRD results for the converter steel slag 

show that it roughly consists of 1/3 cement clinker phases, 1/3 iron-bearing phases, and 1/3 amorphous 

phases. The presence of clinker phases suggests slight cementitious activity when used as a cement 

replacement. Finally, quartz shows mostly presence of quartz and minor traces of other common rock-

forming minerals such as rutile and sodalite. 

Table 3.3: Phase composition of the four raw materials determined by Rietveld-quantified XRD analysis. 

 

   

  

Figure 3.6: Main phase composition of the four raw materials visualised in pie charts. 

CEM-I MSWI BA CSS Quartz

Phase Content 

[wt.%]

Phase Content 

[wt.%]

Phase Content 

[wt.%]

Phase Content 

[wt.%]

C₂S 6.2 Diopside 5.9 C₂S 19.9 Quartz 86.4

C₃S 49.5 Quartz 5.8 C₄AF 12.3 Rutile 0.9

C₃A 0.8 Åkermanite 2.7 Magnetite 3.9 Sodalite 1.6

C₄AF 6.3 Calcite 2.5 Mg-wuestite 22.1 Amorphous 11.1

Anhydrite 3.4 Magnetite 2.5 Wuestite 3.0

Calcite 2.6 Wuestite 1.3 Amorphous 38.8

Albite 1.6 Albite 0.8

Perovskite 1.6 Halite 0.7

Ringwoodite 1.1 Cristobalite 0.2

Periclase 1.1 Amorphous 77.7

Portlandite 0.8

Quartz 0.6

Amorphous 24.3

Error 2.2 Error 1.6 Error 1.1 Error 0.6

CEM-I
C₂S

C₃S
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C₄A F

Anhydrite

Others
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Iron oxides

Akermanite
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Others

Amorphous

CCS

C₂S

C₄A F

Iron oxides

Amorphous
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Quartz

Rutile

Sodalite
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Additional information about the phase composition was determined by TGA, based on mass losses 

recorded while heating the raw material in temperature regions characteristic to certain compounds. This 

method is illustrated in Figure 3.7 for cement, which was found to contain gypsum, portlandite, and calcite.  

TGA curves of the other three raw materials may be found in Appendix II. Results of the thermal analysis are 

presented in Table 3.4, including the temperature region for the tangential determination, the mass loss of 

the evaporated substance, and the calculated content of the components. It must be noted, however, that 

the TGA analysis is not as accurate as XRD and gives only indications about sample composition. 

 

Figure 3.7: Analysis of the CEM-I TGA curve. The main mass loss regions were identified to be associated with gypsum, portlandite, 

and calcite, as indicated by the coloured vertical lines. 

Cement shows a higher content of calcite based on TGA compared to XRD results, which may be explained 

by some calcium carbonate being present in amorphous form. A calcite content higher than 5%, combined 

with the presence of portlandite, suggests that the cement may have attracted some water during storage 

and hydrated already, but not to an alarming grade. Lastly, XRD indicated that calcium sulphate was present 

in the anhydrous form, whereas TGA results do show presence of the dihydrate form (gypsum), so it is likely 

that cement contains both. 

Table 3.4: Additional phase information for the four raw materials determined by thermal analysis. 
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Sample

Region                    

[°C]

Mass loss 

[wt.%]

Evaporated 

substance

Content 

[wt.%]

CEM-I

Calcite 580 - 780°C 2.3 CO₂ 5.1

Portlandite 420 - 490°C 0.2 H₂O 0.6

Gypsum 40 - 250°C 0.6 H₂O 2.9

MSWI BA

Calcite 680 - 780°C 1.2 CO₂ 2.6

Hydrocalumite 200 - 400°C 0.6 H₂O 1.7

Residual 40 - 1000°C 5.6 - -

CSS

Calcite 500 - 700°C 0.3 CO₂ 0.7

Thermal analysis
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Hydrocalumite was observed in MSWI BA by thermal analysis due to mass loss around 280°C, which is 

characteristic for this compound (Rocca et al., 2013), but could not be found in XRD analysis. This and other 

differences between the TGA and XRD analyses are ascribed to the difficulty of analysing the TGA curve for 

bottom ash, due to the high background mass loss (residual in Table 3.4) of 5.6 wt.% which made it harder 

to quantify local mass loss regions. The residual mass loss is mostly due to loss of organic matter or 

elemental carbon. 

CSS and quartz were both stable during thermal analysis, respectively showing mass losses of 1% and 0.1% 

up to 1000°C. For this reason, quartz is absent in Table 3.4 and CSS only shows a minor mass loss due to 

calcite. Presence of calcite is not detected by XRD, which is likely because the error of the quantification of 

CSS (1.1%, see Table 3.3) is larger than its content of calcite (0.7 wt.%). 

3.2.2.2 Elemental composition 
XRF analysis provides the elemental composition of the raw materials in addition to phase composition 

found by XRD/TGA. The elemental composition is listed in Table 3.5 for the full list of major and trace 

elements present in the four materials, while Figure 3.8 displays the results summarised for the major oxides 

which are visualised as bar charts. 

Table 3.5: Elemental composition of the four raw materials determined by X-ray fluorescence analysis. 

 

Compound

CEM-I 

[wt.%]

MSWI BA 

[wt.%]

CSS 

[wt.%]

Quartz 

[wt.%]

Na₂O - 3.52 - -

MgO 1.67 1.86 6.90 -

Al₂O₃ 4.19 7.49 4.95 1.47

SiO₂ 17.74 46.92 11.72 96.54

P₂O₅ 0.30 0.57 1.21 -

SO₃ 3.09 1.13 - -

K₂O 0.46 1.27 - 0.58

CaO 64.59 16.04 37.87 0.06

TiO₂ 0.36 1.09 1.40 0.05

V₂O₅ - - 1.06 -

Cr₂O₃ - 0.12 0.35 0.14

MnO 0.10 0.27 4.39 -

Fe₂O₃ 3.26 12.66 31.39 1.11

NiO - 0.03 - 0.01

CuO 0.03 0.34 0.03 0.01

ZnO 0.11 0.48 - -

SrO 0.12 0.06 - -

ZrO₂ 0.02 0.06 - 0.01

PtO₂ - - 0.06 -

PbO - 0.08 - -

Cl 0.06 - - -

I - 0.65 - -

LOI at 1000°C 3.90 5.38 -1.33 0.02

Samples
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Figure 3.8: Main elemental composition and LOI of the four raw materials visualised in bar charts. 

The composition of cement may be explained by its phase composition: since it consists mostly of clinker 

phases made of calcium and silicon, and to a lesser extent aluminium and iron, these are the elements which 

dominate the elemental make-up of cement. Sulphate is present as calcium sulphate, which is added to 

cement as setting agent. 

Presence of appreciable amounts of sodium and silica in the bottom ash suggests the presence of glass 

residues. Elemental composition of the bottom ash, like the phase composition, shows that it is a very 

heterogeneous material with trace contents of a variety of heavy metals, which may cause problematic 

leaching, while also containing a large content of organic matter, as suggested by the loss on ignition and 

TGA results, which may cause problems of leaching and suboptimal density. Lastly, the high content of 

aluminium may suggest presence of metallic aluminium, but since this MSWI BA was milled by the supplier 

with the wet-grinding process, there is little reason to assume a high metallic aluminium content. 

The converter steel slag shows, most notably, a negative loss on ignition, signifying a gain on ignition, which 

may be explained by the oxidation of iron from Fe0 to Fe2+ or even further to Fe3+, binding oxygen from the 

air and causing a net mass increase. The elemental composition is dominated by material from the 

limestone/dolomite flux (calcium and magnesium) as well as the pig iron itself (iron). Minor constituents are 

those which are removed from pig iron through oxidation (silicon and phosphorus) or those which are added 

to achieve a certain grade of steel, such as manganese, chromium, and vanadium (Juckes, 2003). The 

basicity (Ca/Si ratio) of this CSS is 2.9, suggesting hydraulic properties (Xuequan et al., 1999). 

Lastly, the purity of the quartz powder is confirmed by the XRF analysis, showing at least 96% of silica and a 

low amount of other elements such as aluminium, potassium, and iron. This in combination with the results 

from XRD and TGA confirms that this quartz powder is of sufficient purity to qualify as inert filler.  

Elemental composition in terms of major oxides is usually presented on a ternary diagram, which allows 

quick comparison between materials and their respective classes. The composition of the four raw materials 

in terms of CaO, SiO2, and Fe2O3 combined with Al2O3 is presented in a ternary diagram in Figure 3.9, in which 

the content of these oxides is normalised to 100%. Several classes of materials are introduced into the plot 

as a shaded area, to allow comparison to the raw materials. The cement and CSS used in this work are 

common in terms of composition, which CSS being on the Fe-rich side of the spectrum of steel slags. MSWI 

BA matches well in terms of composition with coal fly ash, a highly pozzolanic material.  
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3.2.3 Microstructural properties 
Morphology determined by a SEM imaging analysis of the raw materials is presented in Figure 3.10 for 

cement and quartz, and in Figure 3.11 for MSWI BA and CSS. The grains of cement are either somewhat oval 

in shape or quite angular; all particles show very chiselled surface details, however.  Bulk granules are on the 

scale of 10 to 100 micron mostly, although there is finer material covering the larger grains. Quartz particles,  

on the other hand, are all angular with chiselled surfaces. Compared to cement, quartz seems to have fewer 

large bulky particles and most material is below 50 micron. 

 
Figure 3.10 from left to right: a) SEM micrograph of cement powder, and b) SEM micrograph of quartz powder.  

The bottom ash is again notably heterogeneous in composition, which is why the EDX spot analyses were 

performed on this raw material. The particular shape is quite irregular compared to the other materials, since 

the BA shows angular, round, oval, and sheet-like particles of different sizes. The size range is similar to 

Figure 3.9: Representation of raw material composition on a ternary 

diagram, allowing comparison to material classes: PC (Portland cement), 

general CSS composition, and another pozzolan, CFA (coal fly ash). 
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cement, although with much more fine material. The particle surface is mostly void of any adherent ultra-

fine material. 

 
Figure 3.11 from left to right: a) SEM micrograph of MSWI BA powder with EDX spot analysis indications, and b) SEM micrograph 

of CSS powder. 

EDX analysis of the bottom ash is presented in Table 3.6 and emphasises the variety of phases found in this 

material. Among the detected phases is an iron-bearing phase (1), a glass chip (2), an aluminosilicate phase 

(3), and a calcium silicate phase (4). The size of the glass chip, and others found in the SEM micrograph,  

suggests that the sources of amorphous silica for pozzolanic reactions are quite fine (~ 5 µm). 

Table 3.6: EDX analyses of several spots taken from the MSWI BA micrograph. 

 

Converter steel slag powder shows a large disparity between larger and smaller particles; larger particles are 

similar in size to cement grains, while there is a great amount of fine material present as well. Once again, 

particles are observed with very defined chiselled surfaces. 

The particle morphology of the raw materials is, all in all, quite similar, although some minor particle size 

differences prevail, as was already revealed by analysis of particle size distribution. The analysis of MSWI BA 

and CSS particles so far does not raise concern about their reactivity due to insufficient fineness. 

Compound

Spot 1        

[wt.%]

Spot 2        

[wt.%]

Spot 3        

[wt.%]

Spot 4        

[wt.%]

Na₂O 3.6 10.5 - -

MgO - 2.9 - -

Al₂O₃ 2.8 3.7 88.1 -

SiO₂ - 70.8 11.9 16.8

CaO - 12.1 - 83.2

MnO 19.9 - - -

Fe₂O₃ 73.7 - - -

Spot analysis
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3.2.4 Supplementary tests 
3.2.4.1 Pozzolanic reactivity 
To determine reactivity as a supplementary cementitious material, two common tests methods were 

applied to MSWI BA, the Frattini test and the R3 test with thermogravimetric quantification. Results of the 

Frattini test are presented in Figure 3.12, where the coloured dots signify the position of the test materials in 

terms of [Ca2+] and [OH¯], which may be compared to the pH-dependent lime solubility curve. 

Results of the Frattini test had to be 

vertically translated until the value of 

[Ca2+] of the quartz sample matched 

the solubility curve, because all 

measured values of [Ca2+] were far 

below the solubility curve. This may 

indicate that an error was introduced 

during sample preparation or during 

the analysis which discredits the 

results, but these are nevertheless 

discussed. 

The results show that the data found 

for the CEM-I and quartz samples,  

both of which should not possess 

pozzolanic reactivity, are indeed near 

the lime saturation curve, showing 

that Ca2+ ions are not consumed in pozzolanic reactions. The opposite is true for the coal fly ash and MSWI 

BA samples, which are visibly below the lime saturation curve, therefore indicating that Ca2+ may be 

consumed to form C-S-H. The vertical distance from the solubility curve indicates degree of pozzolanic 

reactivity, and due to its larger proximity to the curve, it is evident that MSWI BA is only slightly pozzolanic 

compared to highly pozzolanic coal fly ash. Nevertheless, the result indicates that pozzolanic behaviour may 

be expected when this bottom ash is used in a cement-based mortar. 

Results of the R3 test in combination with thermogravimetric quantification of portlandite are presented in 

Table 3.7, which shows the portlandite content before correction and rescaling in the column “Uncorrected”. 

These values are corrected by the amount of portlandite which had carbonated ( increases the content) and 

rescaled to paste basis instead of dry powder basis (decreases the content), together leading to the value in 

the column “Corrected”. The portlandite content may be compared to the value for the unhydrated model 

system, which is the sample for all three samples, at 29.9%. Additionally, the TGA curves are presented in 

Figure 3.13 to provide insight into the mass loss behaviour of the samples. 

Table 3.7: Portlandite quantification of R3 test samples. 

 

Portlandite content of the inert quartz sample is below the original content before hydration, indicating its 

consumption in pozzolanic reactions; it may be that even the quartz powder possesses some amorphous 

Sample

Region                    

[°C]

Mass loss 

[wt.%]

Evaporated 

substance

Uncorrected         

[wt.%]

Corrected 

[wt.%]

Quartz 400 - 500°C 10.2 H₂O 42.1 27.1

Coal fly ash 400 - 500°C 9.1 H₂O 37.5 24.4

MSWI BA 400 - 500°C 8.3 H₂O 34.0 25.2

Thermal analysis

Figure 3.12: Comparison of the Ca2+ concentration in the test material 

leachates to the lime solubility curve (black line). 
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silica, since XRD results showed an amorphous content of about 10%, but it is more likely that this result  

indicates the error of the analysis, due to inaccuracies of thermal analysis or subsequent calculation steps. 

Applying the correction for carbonation of samples proved necessary for all three samples, although these 

extra calculation steps may have added more imprecision as well. Coal fly ash is apparently the most 

pozzolanic of the three materials, although MSWI BA also shows appreciable pozzolanic activity, which is in 

line with the result of the Frattini test. 

A notable result, observed from the curves in Figure 3.13, is that coal fly ash shows the highest mass loss 

below 300°C, which is mostly due to loss of water from C-S-H interlayers, and is also the only material which 

shows the characteristic mass loss above 800°C which is due to the dehydroxylation of C-S-H into 

wollastonite (Lothenbach et al., 2016). MSWI BA may therefore seem close to coal fly ash in pozzolanic 

activity, following the portlandite results, but absence of an appreciable amount of C-S-H phases puts that 

statement into doubt. 

 

Figure 3.13: Thermogravimetric curves of R3 test samples. 

3.2.4.2 Metallic aluminium content 
Quantification of the metallic aluminium content was performed by allowing alkaline oxidation to occur in 

a controlled atmosphere. The collection and quantification of hydrogen gas from this reaction was difficult 

due to the small amounts of hydrogen produced, which already indicated presence of very little metallic  

aluminium. The test was performed in triplicate to find that the metallic aluminium content was only 0.025% 

± 0.003% by weight, which indeed shows that metallic aluminium is not a concern for the application of this 

bottom ash, since values of up to 1 wt.% are allowed (Joseph et al., 2018). The low value was expected due 

to the application of wet grinding by the supplier, which efficiently lowers metallic aluminium content 

(Joseph et al., 2018), but it is nevertheless important to rule out this factor of influence. 
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3.3 Discussion 
Cement, MSWI BA, CSS, and quartz powder will be used to make cementitious binders. The physical 

properties of these materials may show large differences, but a similar particle size distribution was aimed 

for when milling the raw materials, to keep this a constant factor. The bulk density of the four materials 

shows variation to such an extent, that it is necessary to replace cement in the cementitious binders based 

on volume instead of mass. This, combined with the similar PSD of the materials, should minimise 

differences of water demand as much as possible. 

PSD is an important influence on the performance of bottom ash (Polettini et al., 2005; Tang et al., 2014a),  

since the pozzolanic reactions require fine particles of amorphous silica. The PSD of the bottom ash used in 

this study compares well to values found in the academic literature (Chen & Yang, 2017; Polettini et al., 2005, 

2009; Tang et al., 2014a), although these studies sometimes mention that increased fineness is required.  

Good results are indeed usually achieved with an even finer PSD (Bertolini et al., 2004; Wongsa et al., 2017),  

but very fine particles of amorphous silica were also found in this bottom ash by the SEM-EDX analysis. One 

must be careful when comparing studies on MSWI BA, however, since the material is heterogeneous in the 

variety of its composition, but also in the sense that bottom ashes from various plants or countries may differ 

considerably in composition and properties. 

The investigated MSWI BA has a high content of silica (47%), along with reasonable amounts of iron and 

aluminium, and a relatively low amount of calcium, compared to other types of MSWI BA. These results 

indicate that this is likely a coarse MSWI BA fraction (Chen & Yang, 2017; Y. Li et al., 2016). High silica content 

and a large amorphous fraction are the main reasons to assume that the material will participate in 

pozzolanic reactions. Indeed, both of the applied preliminary pozzolanic reactivity tests do show slight 

reactivity, although not comparable to a highly pozzolanic material such as coal fly ash. 

Information from the Frattini test is not quite reliable, due to the vertical translation which was applied to 

account for the low [Ca2+] observed, for which no clear explanation was found. If the results are, however, 

compared to conclusions from a study which correlated data from this test method to actual strength 

development, it is plausible that the reduction of calcium ions caused by MSWI BA may not be enough to 

develop sufficient strength to match other pozzolans (Donatello et al., 2010). This study also stated, however, 

that materials which leach out calcium will negatively influence the test result, which likely applies to the 

bottom ash (Dijkstra et al., 2006). 

The phase composition of CSS is similar to what is found in literary sources on converter steel slag (Brand & 

Roesler, 2014; Jiang et al., 2018). Approximately one-third of the converter steel slag used in this study is 

made up of cement clinker phases C2S and C4AF, which may give CSS some hydraulic properties, as long as 

these phases are in a reactive form. The basicity of the slags (A = 2.9) suggests hydraulic properties, as well, 

since it is much higher than the threshold of 1.8 (Xuequan et al., 1999).  

Phase and elemental composition of the materials may furthermore be used to explain the results of particle 

density: CSS consists mostly out of iron and calcium, creating a high-density material, while the calcium-

enriched cement is next to follow in density. Being mostly silica-rich, the bottom ash and quartz powder 

obviously have the lowest density of the four materials. The irregular and diverse particles of MSWI BA 

observed in the SEM-EDX analysis may explain the low bulk density as a result of poor packing. 

Lastly, the characterisation of MSWI BA leads to the conclusion that metallic aluminium content will not be 

an issue to its application in this study, although high organic/elemental carbon content (the residual mass 

loss from TGA results), as well as the presence of heavy metals and sulphates (trace content from XRF results)  

may be negative influences on strength development. The in-depth study on hydration will aim to uncover 

and map such influences for the replacement materials. 
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4 Hydration study 
4.1 Methodology 
4.1.1 Binder composition 
With the four now fully characterised raw materials, different cementitious binders were designed, each 

based on cement, with the addition of one or more replacement material. A cement-only reference was also 

introduced for comparison. Since the goal is to evaluate the combination of MSWI BA and CSS, five different 

binder mixes are tested: 

▪ R1: reference binder containing only cement as binder, which is the benchmark to which other 

binders will be compared; 

▪ R2: reference binder containing cement partially replaced by quartz as an inert filler, to be able to 

accurately study the added effect of the cement replacements at the same cement content; 

▪ BA25: binder with a partial replacement of MSWI BA; 

▪ CS25: binder with a partial replacement of CSS, which is tested, together with the previous binder, 

to study the individual effects of the replacements; 

▪ BACS25: binder with cement replaced by equal parts of MSWI BA and CSS to study the effect of their 

combination. 

Since the four raw materials have relatively large differences in bulk and particle density, the replacement 

will be based on volume and not mass, so that large differences in water demand among the binders may 

be avoided. All replacements are therefore calculated using bulk density. Replacement of cement will be at 

the rate of 25%, which is in line with advice given in literature on MSWI BA and CSS (Akin Altun & Yilmaz, 2002; 

Caprai et al., 2018; Jiang et al., 2018; Polettini et al., 2009; Wongsa et al., 2017). The compositions of the five 

binder mixes are summarised in the table below. 

Table 4.1: Composition and labelling of the five test binder mixtures. 

 

4.1.2 Isothermal calorimetry 
Hydration kinetics of the five binder mixes were characterised by performing isothermal calorimetry on fresh 

binder pastes according to the method described by Wadsö, Winnefeld, Riding, and Sandberg (2016) and 

following guidelines set out in ASTM C 1679-08 (ASTM International, 2008). Samples for calorimetry were 

prepared with a constant w/b ratio of 0.50 for all samples. A reference in the calorimetry vessel contained 4 

g of water and quantities of binder and hydration water were based on the following formula: 

 mbinder  Cp,binder  + mwater Cp,water  = mreference Cp,water  Eq. 4.1 

Where Cp,water is the specific heat capacity of water (4.18 J g-1 K-1), Cp,binder the specific heat capacity of the 

binders, assumed to be 0.84 J g-1 K-1 for each (Engineering ToolBox, 2003), and mreference, mwater, and mbinder are 

the masses of reference water, hydration water, and binder used. With the Cp values, mass of reference water,  

and the w/b ratio of 0.50, the necessary masses of binder and hydration water were determined, and these 

Binder

CEM-I 

[V.%]

Quartz 

[V.%]

MSWI BA 

[V.%]

CSS        

[V.%]

R1 100

R2 75 25

BA25 75 25

CS25 75 25

BACS25 75 12.5 12.5

Material



38 

 

are listed in Table 4.2. Binder and hydration water were then mixed externally in the glass calorimetry vial 

using a vortex shaker under ambient conditions and placed directly in the calorimeter (TAM AIR).  

Table 4.2: Composition of the binder pastes for calorimetry. 

 

Isothermal calorimetry at 20°C was run for seven days, after which heat flow data was extracted and 

normalised based on cement content and integrated to determine heat of reaction. The total heat of 

reaction after seven days was used to quantify the heterogeneous nucleation effect on binder hydration, 

which occurs due to the presence of non-reactive sites which act as nucleation sites for cement hydration, 

therefore speeding up the process (Caprai et al., 2018). This effect is quantified as follows: 

 Qnucl  = QR2,norm  - QR1  Eq. 4.2 

Where Qnucl is the increase in heat of reaction due to the heterogeneous nucleation effect, Q R2,norm is the heat 

of reaction of the R2 binder normalised to cement content, and Q R1 the heat of reaction of the R1 binder. 

Since the quartz addition to R2 is unreactive on its own, this binder mix is qualified to quantify the increased 

heat of reaction due to the nucleation effect. Note that QR1 is not normalised because its content is already  

100% cement. The effect of replacing cement with MSWI BA or CSS, both of which are more reactive 

compared to quartz, is quantified in addition to the nucleation effect: 

 Qadd  = QX,norm  - QR2,norm  Eq. 4.3 

Where Qadd is the additional increase in heat of reaction and QX,norm is the normalised heat of reaction of 

reaction of BA25, CS25, or BACS25. 

4.1.3 Preparation of binder pastes 
Next, binder paste samples were prepared to be cured until specific ages for an in-depth analysis of 

hydration behaviour. These were made by mixing 10 g of pre-mixed binder powder (consisting of the 

individual raw materials at the rates in Table 4.3) and tap water at the w/b ratios specified in Table 5.1 in a 

cylindrical plastic air-tight container with diameter of 5 cm, so to have thin paste disks of a few mm thickness, 

as shown in Figure 4.1a. Filled containers were closed air-tight and the binder paste was mixed well by means 

of a vortex shaker until all lumps were dissolved, as shown in Figure 4.1b. Paste samples were left to cure at 

21°C and under controlled humidity (RH > 95%) until testing age, which was 7, 14, 28, 56, 91, or 182 days. 

Table 4.3: Composition of the binder paste disks. 

 

Sample

CEM-I           

[g]

Quartz          

[g]

MSWI BA     

[g]

CSS                 

[g]

Water           

[g]

R1 5.7 2.9

R2 4.4 1.3 2.9

BA25 4.4 1.3 2.9

CS25 4.1 1.7 2.9

BACS25 4.2 0.6 0.9 2.9

Sample composition

Paste

CEM-I           

[g]

Quartz          

[g]

MSWI BA     

[g]

CSS                 

[g]

w/b ratio    

[-]

Water           

[g]

R1 10.0 0.50 5.0

R2 7.7 2.3 0.50 5.0

BA25 8.1 1.9 0.50 5.0

CS25 6.6 3.4 0.43 4.3

BACS25 7.3 0.9 1.9 0.45 4.5

Paste composition
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Figure 4.1, left to right: a) Preparing the binder paste by adding water to dry binder mix using an Eppendorf pipette, b) Mixing 

the binder paste using the vortex shaker. 

4.1.4 Stopping hydration 
After curing for each specified period, the thin paste disks were crushed and treated by solvent exchange 

combined with weighing, visualised step by step in Figure 4.2. The paste granules were first weighed (m1) 

and after this point it was ensured that as little material as possible was lost. Granules were then soaked for 

24 hours in isopropanol to displace free water and effectively arrest hydration. After decanting the 

isopropanol, diethyl ether was poured over the sediment to displace the remaining isopropanol while 

soaking for about 2 hours. The liquid and granules were drained as in Figure 4.2d and the filter paper with 

sediment was dried in a ventilated oven at 40°C for a maximum of 30 minutes. Then, the filter paper with 

sediment was weighed and the filter paper weight was subtracted (m2), to be able to make an estimate of 

the content of free water and structurally bound water by subtracting the value of m2 from m1 and comparing 

this to the amount of water initially added. 

 

Figure 4.2, left to right: a) isolating the hydrated binder paste disk from its contain er, b) Crushing the binder paste until fine 

granules remain, c) Solvent exchange through soaking in isopropanol and later diethyl ether, and d) Filtering the liquid and 

granules carefully without loss of material. 

This method of hydration stopping is based on several works and is considered the most effective method 

when preservation of microstructure is of concern (Saraya, 2010; Scrivener, Snellings, & Lothenbach, 2016; 

Wang, Eberhardt, Gallucci, & Scrivener, 2016; J. Zhang & Scherer, 2011). After treatment, the samples were 

stored in a desiccator until time of analysis. 
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4.1.5 X-ray diffraction crystallography 
Part of the broken paste disk was crushed further using either an agate pestle and mortar or a planetary ball 

mill equipped with a vessel and grinding balls of zirconia until a d90 value below 40 μm was achieved. This 

powder was used for XRD analysis to quantify hydration products according to the Rietveld method. Method 

and settings for this analysis were mostly similar to the XRD analysis of the raw materials, see section 3.1.2.1,  

with the sole difference being an increase of time per 2θ step from 1 to 1.5 second to allow a more accurate 

analysis. 

The quantified results were rescaled to take into account the loss of free water during solvent exchange,  

which was done using the free water content determined by weighing before and after hydration stopping,  

as explained in the previous section. This allowed a direct comparison between phase composition of fresh 

pastes (calculated based on raw material phase composition) and of hydrated pastes, to accurately follow 

hydration. 

Phases quantified of the fresh and hydrated pastes were categorised based on the raw material these 

derived from, to follow the behaviour of the raw materials during hydration, while hydration products, most 

notably portlandite, were categorised separately. Some phases were shared between two different 

materials, such as C2S which occurs in both cement and CSS. These phases were divided among the two 

materials using the contribution rates of the raw materials for these phases in the fresh paste. 

Lastly, degree of hydration was determined using unhydrated cement quantified with the XRD analysis,  

according to the following formula: 

 
DOHt  = 

MUC,fresh  - MUC,t

MUC,fresh

 × 100% Eq. 4.4 

Where DOHt is the degree of hydration at age t, MUC,fresh is the content of unhydrated cement of the fresh 

paste, and MUC,t is the content of unhydrated cement at age t. 

4.1.6 Thermogravimetric analysis 
The fine binder paste powder was also used for a TG analysis to quantify hydration products with specific 

attention to structural water and portlandite in an attempt to evaluate pozzolanic behaviour of the bottom 

ash and cementitious behaviour of the steel slag. Method of sample preparation and analysis were identical 

to the method described in section 3.1.2.2 and again the TGA curves resulting from the analysis were 

analysed using Netzsch Proteus Thermal Analysis software. 

For thermal analysis, several temperature regions are characteristic to the decomposition of compounds 

present in the hydrated pastes. Most prominent and isolated on the TGA curve are the dehydroxylation of 

portlandite, Reaction (6), and the decarbonation of calcite, Reaction (7), which occur around 420°C and 600-

800°C, respectively (Lothenbach et al., 2016). The exact location on the TGA curve, however, is subject to 

sample properties and heating rate; the analysed specimens showed dehydroxylation of portlandite 

anywhere between 400 and 450°C, while decarbonation of calcite occurred in a temperature range from 600 

to 750°C. 

 Ca(OH)2 → CaO + H2 O (6) 

   

 CaCO3  → CaO + CO2 (7) 

For the calculations, portlandite and calcite were referred to as CH and Cc, respectively, following cement 

chemistry notation. CH and Cc contents were quantified by determining the mass losses pertaining to 

evaporation of water (for CH dehydroxylation) and of carbon dioxide (for Cc decarbonation) using the 

tangential method in the Proteus software and converting these to masses (m) of CH and Cc using the molar 
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ratios in Reactions (6) and (7) as well as the molar masses (M) of the components, which leads to the 

expressions below, in which water is abbreviated as H and carbon dioxide as c: 

 
mCH  = mH × 

MCH

MH

 Eq. 4.5 

   

 
mCc  = mc × 

MCc

Mc

 Eq. 4.6 

Additionally, a correction method for the values of mCH and mCc was evaluated, which took into account that 

between the time of stopping hydration and the time of thermal analysis, the sample may have partially  

carbonated following Reaction (8), so that the value of CH found by thermal analysis is lower than it is in 

reality. 

 Ca(OH)2 + CO2  → CaCO3  + H2O (8) 

The correction split the value of mCc into two components: calcite present in the raw materials and thus 

present in the binder paste (CcRM), and calcite present due to carbonated portlandite (CcCH). The correction 

was made by converting the value of CcCH to portlandite from which it originated, using Reaction (8), and 

adding this value to mCH. The details of this correction are included in Appendix I. This correction was based 

on the assumption that the calcite originally present in the raw materials is inert and should therefore remain 

in the (hydrated) binders unchanged. 

Lastly, the corrected mass of CH was converted to mass content, to allow comparison between various 

samples and also rescaled based on paste instead of dehydrated sample, using the water/binder ratio, 

following the expression below (Lothenbach et al., 2016): 

 
CH% = 

mCH,corr

m1000°C,corr  × (1 + w/b ratio)
 Eq. 4.7 

Next is quantification of structural water, which used the dehydration temperature region from 50 to 550°C 

where the loss of water from the interlayer of hydrates as well as dehydroxylation occurs of multiple 

compounds such as AFt phases, AFm phases, calcium silicate hydrates (C-S-H), and also CH (Collier, 2016; 

Lothenbach et al., 2016). Additionally, C-S-H dehydroxylates further to wollastonite (CaSiO3) around 850°C 

(Lothenbach et al., 2016) which was prominently observed for several samples and therefore included into 

the quantification of structural water. 

The quantification was performed using the stepwise method and the aforementioned correction for CH 

was added, as well as a correction for water loss due to the high-temperature dehydroxylation of C-S-H, 

which was determined by tangential method. The mass content of structural water was then determined 

similarly to Eq. 4.7: 

 H% = 
mH,corr

m550°C  × (1 + w/b ratio)
 Eq. 4.8 

Finally, the results for portlandite content were compared between TGA and XRD, while those for structural 

water content were compared between TGA and the solvent exchange method, so that a quantitative 

judgement could be made on the hydration behaviour and pozzolanic activity of the various binder mixes. 

4.1.7 Scanning electron microscopy 
The other part of the crushed paste disk was used to characterise the binder on the microstructural level 

both visually and chemically by SEM-EDX analysis. For this purpose, disk pieces were immersed in an epoxy 

resin and left to cure for 24 hours. After curing, the resin tablet was polished with six grades of increasingly  

fine silicon carbide sandpaper to expose and smoothen the surface of the binder paste chips. The polished 

tablet was then placed on an aluminium stub using conductive carbon tape, coated on the sides with silver 
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paint, and coated on the top (analysis) layer with gold, using a Turbo Sputter Coater K575X Dual, to be ready 

for analysis. See Figure 4.3 for a finished specimen. 

SEM analysis was performed with the Phenom Pro X electron microscope at an accelerating voltage of 15 kV 

and mapping intensity with the backscattered electrons detector mode. EDX was performed as point 

analysis on representative sections of the binder paste, in order to identify raw material and hydration 

products and study the cohesion of the different materials, but also to assess the quality of the hydration 

products (in terms of Ca/Si ratio). 

 

Figure 4.3: Comparison of samples prepared for SEM-EDX, uncoated on the left and coated on the right. 
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4.2 Results 
Note: due to Covid-19 related lab closure, the original 56-day samples expired, and were prepared later from 

a different batch of cement, which may influence results. 

4.2.1 Isothermal calorimetry 
The five binder mixes were tested for hydration kinetics by isothermal calorimetry, to inspect the influence 

of the replacements (Quartz, MSWI BA, and CSS) on hydration. The results of this experiment are presented 

in Figure 4.4 for heat flow up to three days and in Figure 4.5 for normalised heat of reaction up to seven days. 

 

Figure 4.4: Heat flow development of the five hydrated binder mixes within the first three days of calorimetry , showing five 

characteristic stages as explained in the text. 

The heat flow development over the first three day of calorimetry may be divided into five phases (Beaudoin 

& Odler, 2019, p. 160), also visualised in the figure itself: I) rapid initial reaction, II) dormant/induction period, 

III) acceleration period, IV) retardation/deceleration period, and V) the long-term reaction. The heat 

development over these five phases shows whether any of the replacements for cement delays or diminishes 

hydration. 

R1 is the benchmark for the calorimetry measurements since it contains only cement. It compares well with 

the results for R2 (containing inert filler) and CS25 (containing CSS) in terms of timing of the five phases,  

although the heat flow is diminished for the R2 binder and even more so for CS25. For R2 this is a logical 

result, since it contains 25% less cement, but CS25 does contain more cement phases (deriving from CSS) 

and should therefore have comparable heat flow development. Even though CS25 does contain slightly less 

cement (4.1 g compared to 4.4 g for R2, see Table 4.2), calorimetry of this binder suggests that the 

cementitious phases in CSS hydrate slowly, causing a lower overall heat development. 

The binders containing bottom ash (BA25 and BACS25) show delayed heat development starting already in 

the dormant period (II). The acceleration period (III) typically consists of two mild peaks, the first of which 

signifies the reaction of silicates and the second signifies the depletion of sulphates (Wadsö et al., 2016). This 

is visible across all five binder mixes, but the peaks of the acceleration period (especially the sulphate 

depletion peak) are prominently delayed for the binders with bottom ash. This suggests the presence of 

multiple (less soluble) sulphate phases, but it is also possible that hydration is delayed due to the presence 

of heavy metals such as zinc and lead, both of which are present in bottom ash (Lam et al., 2010). 
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Figure 4.5: Heat of reaction normalised to CEM-I content of the five hydrated binder mixes over the full time range of calorimetry. 

Integrated heat flow over the full seven day range of calorimetry, also known as the heat of reaction, is 

depicted in Figure 4.5. Heat of reaction was normalised based on cement content, allowing judgement on 

how much heat is developed relative to the cement content and will therefore give more information on the 

replacements used. 

Since the heat of reaction is normalised to cement content, the other binders will already yield a higher heat 

of reaction than R1 if their replacements generate any heat at all. This is indeed the case for all four binder 

alternatives, showing that the quartz powder, MSWI BA, and CSS individually all contribute to the generation 

of heat. The contributions were quantified as the influence of the heterogeneous nucleation effect or 

additional effects, and these results are presented in the table below. 

Table 4.4: Heat of reaction metrics including the influence of nucleation effect (Q nucl) and additional effects (Qadd). 

 

The presence of quartz already leads to an appreciable increase of heat of reaction, due to the 

heterogeneous nucleation effect, but also due to the higher effective ratio of water to cement, i.e. more water 

is present to hydrate cement that is left, since the quartz replacing it is inert. 

MSWI BA and CSS both have pronounced additional effects, albeit opposite of one another. The additional 

influence of bottom ash is due to the dissolution of reactive phases (Caprai et al., 2018), a chemical process 

which takes place in the presence of water. This phenomenon is observed even in Figure 4.4, since the 

sulphate depletion peak is more pronounced for BA25 than for any other sample, indicating the presence of 

a large amount of soluble sulphates. The additional effect of CSS in CS25 is a decrease in heat of reaction,  
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indicating that CSS phases are less soluble and may react slower, thereby delaying hydration (Jiang et al., 

2018). Lastly, BACS25 has an additional effect which is somewhere between BA25 and CS25, as is expected.  

4.2.2 Structural water quantification 
Hydration of the binder paste disks made for the in-depth hydration study was stopped through solvent 

exchange (SE) combined with weighing before and after the treatment, so that an estimate could be made 

of the content of structural water in the binder pastes, which is indicative of the degree of hydration, while 

this value was also necessary to later rescale XRD results. The results of the first method of structural water 

quantification are presented in Table 4.5. 

Table 4.5: Structural  water content in hydrated pastes of the five binders determined by solvent exchange with weighing. 

 

Additionally, structural water was quantified by thermogravimetric analysis, using mass loss up to 550°C 

which was corrected to account for the C-S-H dehydroxylation into wollastonite around 850°C and the loss 

of portlandite which had carbonated to calcite during storage. These results are presented in Table 4.6 and 

may be compared to the results found by the solvent exchange method. For the purpose of comparison, the 

results are combined in a bar chart in Figure 4.6 which also illustrates the ongoing trends. TGA curves of the 

five pastes at various ages are included in Appendix III. 

Table 4.6: Structural  water content in hydrated pastes of the five binders determined by thermal analysis with corrections. 

 

Results of both methods show some outliers which do not follow the general upward trend in content of 

structural water which is visible for all five binders. This indicates that both methods of structural water 

quantification are not without error and should be used with care. Especially the older samples (from 56 

days onward) show erratic behaviour at times. Generally, the solvent exchange method leads to higher 

estimates of the bound water content, which may be explained by some evaporation of water occurring 

during sample curing or storage, since this leads to an overestimation of free water removed during solvent 

exchange or an underestimation of structural water removed during TGA. 

The upward trend of structural water for all binders indicates that they are all hydrating, although not at the 

same rates. R1 hydrates best, which is to be expected since it consists purely of cement. R2, on the other 

hand, hydrates up to a certain level and then flattens out, indicating perhaps that hydration has finished in 

this sample. This may be likely, because of the lower cement content, the higher effective water-to-cement 

ratio, and inert nature of quartz itself. 

Paste

7 days      

[wt.%]

14 days      

[wt.%]

28 days      

[wt.%]

56 days      

[wt.%]

91 days      

[wt.%]

182 days   

[wt.%]

R1 14.6 17.0 19.3 20.7 21.1 23.7

R2 11.9 13.1 15.3 18.5 18.4 18.4

BA25 12.9 16.2 16.7 20.6 21.0 18.0

CS25 9.9 13.3 13.0 19.0 17.5 17.4

BACS25 11.4 16.7 15.5 18.4 19.4 18.9

Bound water content (SE)

Paste

7 days      

[wt.%]

14 days      

[wt.%]

28 days      

[wt.%]

56 days      

[wt.%]

91 days      

[wt.%]

182 days    

[wt.%]

R1 10.6 10.5 11.6 15.4 15.8 18.9

R2 8.8 9.7 9.8 13.5 19.7 15.3

BA25 7.6 9.0 9.7 13.1 18.9 15.6

CS25 7.8 8.7 10.1 13.7 17.5 15.1

BACS25 7.6 8.5 8.7 13.1 18.4 14.8

Bound water content (TGA)
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Figure 4.6: Comparison of methods for structural water quantification. 

The effect of MSWI BA on cement hydration at first seems minimal compared to the R2 reference. Initially, 

BA25 has a lower water content (at least following the TGA results) due to delayed hydration, but later picks 

up and ends with a structural water content similar to the inert reference, if not slightly better. Knowing that 

bottom ash slightly delays hydration, as was observed in calorimetry, it may be that the enhanced later 

hydration is due to latent pozzolanic reactions. If so, however, their contribution is very low. 

The effect of CSS on the binder is a bit more pronounced, since its presence in the CS25 paste leads to the 

lowest values for structural water overall. It must be noted, however, that CS25 paste is made with the lowest 

w/b ratio (0.425 compared to 0.50), which naturally reflects in the content of structural water, so it is not 

possible to directly compare the result for CSS to the other pastes. A similar precaution holds for BACS25, 

although its w/b ratio is slightly higher (0.45). BACS25 hydrates in a similar manner as BA25 although the 

values are slightly lower, due to the lower w/b ratio. 

4.2.3 Portlandite quantification 
Portlandite (CH) is one of the products of the hydration reactions of C2S and C3S and is also consumed in 

pozzolanic reactions, which makes it a suitable tracker for the degree of hydration of the binder pastes. The 

portlandite content was evaluated by thermogravimetry and XRD analyses, and the results of these are 

presented in Table 4.7 and Table 4.8, respectively. XRD analysis was not performed on the 91-day samples,  

which is why these results are missing from the tables. 

Table 4.7: Portlandite content in hydrated pastes of the five binders determined by thermal analysis without corrections. 
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Paste

7 days      

[wt.%]

14 days      

[wt.%]

28 days      

[wt.%]

56 days      

[wt.%]

182 days    

[wt.%]

R1 8.0 4.7 4.6 9.7 10.9

R2 6.6 3.6 3.3 8.8 9.5

BA25 2.4 2.8 2.8 6.4 7.6

CS25 1.9 2.1 2.1 7.0 8.3

BACS25 1.7 1.8 2.2 6.2 7.0

Portlandite content (TGA)

/  7 days TGA / SE 

/  56 days TGA / SE 

/  14 days TGA / SE 

/  91 days TGA / SE 

/  28 days TGA / SE 

/  182 days TGA / SE 
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A number of corrections were performed on the data from TG analysis to account for any content of 

portlandite which had carbonated during sample storage, since the TG analysis typically took place later 

than the XRD analysis. However, it was noticed that although the correction sometimes resulted in values 

closer to those of the XRD analysis, it usually yielded values that were far overestimated. For this reason, the 

correction was omitted from these results. 

Table 4.8: Portlandite content in hydrated pastes of the five binders determined by XRD analysis. 

 

The trends of portlandite generation in the five binder pastes are visualised in Figure 4.7, which also shows 

whether there is cohesion between the data sets from TGA and XRD quantification. There is better cohesion 

between the two methods used for portlandite quantification than those for structural water quantification,  

which indicates the robustness of the analysis methods for portlandite, although XRD does result in slightly  

higher values than TGA.  

Generally, an upward trend is clearly visible in the results of portlandite, indicating progressing hydration, 

with a steep increase between 28 and 56 days for all samples, indicating that most CH is generated in this 

period, while after 56 days, hydration has completed to such a degree that little additional CH is produced. 

 

Figure 4.7: Comparison of methods for portlandite quantification. 

The R1 and R2 binder show 7-day values higher than the 14- and 28-day values. This may be explained by 

the rapid dissolution of cement clinker phases resulting in a high concentration of calcium ions, which 

proceed to precipitate as CH in the alkaline environment of the pore solution. This may be considered as 

“intermediate CH”, since the reaction of calcium ions to form C-S-H shifts the balance of CH dissolution,  
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causing “intermediate CH” to dissolve once again. The absence of this effect in the pastes containing MSWI 

BA and CSS is indicative of the slow hydration caused by the materials. 

R2 shows again a very high degree of reaction at 182 days, which was also found in the structural water 

quantification, indicating that the cement in R2 reaches a far stage of hydration due to the high water-to-

cement ratio. 

BA25, on the other hand, shows heavily suppressed CH generation at the early and later stages. The early  

stage suppression cannot be ascribed to pozzolanic reactions, because the effect also occurs in CS25 and 

because pozzolanic reactions may be quite slow (Filipponi et al., 2003; McCarthy & Dyer, 2019), especially  

taking into account the low pozzolanic reactivity of MSWI BA. The late stage suppression compared to CH 

content in R2 may suggest that CH is being used in pozzolanic reactions, but it may also be that values 

remain low because of delayed hydration in the presence of MSWI BA. 

CS25 has the highest early suppression of portlandite generation, indicating perhaps that dissolution of the 

cementitious phases from CSS is very slow, but increases in CH content rapidly towards the later curing ages,  

to the extent that the content of R2 is matched. 

BACS25, finally, contains lower amounts of CH than both BA25 and CS25 at every curing age according to 

TGA results, and at every age except 56 and 182 days according to XRD results. This suggests that there is a 

negative interaction effect between MSWI BA and CSS in this paste, although the XRD results indicate that 

the same rapid increase occurs due to the hydration of CSS. As was observed for the BA25 paste, it is difficult 

to estimate pozzolanic reactivity because delay of hydration occurs simultaneously with CH consumption. 

4.2.4 Phase composition progress 
XRD analysis results were further used to follow the changes in phase composition of the hydrating paste,  

from the fresh state until the hardened state. The composition at every age was quantified and rescaled to 

take into account the amount of free water removed during solvent exchange (the free water contents of 

solvent exchange were the basis of this rescaling). XRD scans of the binder pastes and tables showing the 

full composition of each sample are included in Appendices IV and V, but the figures treated here show the 

composition divided into several categories of phases, usually based on the raw materials.  

 

Figure 4.8: Phase composition progress of R1 paste from fresh state until 182 days of curing. 
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Results for R1 (Figure 4.8) are categorised into unreacted cement (including minor quantities of phases such 

as quartz and calcite, already present in the raw material), amorphous content, free water, and several 

crystalline hydration products (portlandite, hemicarbonate, and ettringite). It is apparent that already after 

seven days, a large amount of clinker phases have hydrated, and the residual amount of clinker phases 

decreases steadily, to reach a degree of hydration of 74.8% at 182 days. 

An interesting observation is that the results for 56 and 182 days show a slight decrease of amorphous 

content and an increase of crystalline hydration products, an effect which was not seen in another study 

with a similar analysis technique (De Weerdt et al., 2011). It is theorised that changing the milling method 

from a zirconia ball mill to agate pestle and mortar has led to less severe crushing, which kept more of the 

soft hydration products intact in the 56- and 182-day samples. This effect has been previously described in 

the academic literature (Scrivener et al., 2016). 

Lastly, it is also apparent that by 182 days, samples had carbonated slightly, due to higher amounts of 

carbonate phases such as hemicarbonate and calcite. 

 

Figure 4.9: Phase composition progress of R2 paste from fresh state until 182 days of curing. 

The composition of the R2 paste (Figure 4.9) is rather similar to R1 at every age of curing, with the exception 

of the presence of a certain amount of quartz, which does not react. The consistency of the amount of quartz 

is a good measure of the robustness of the analysis; although the initial content in the fresh paste is 13.6%, 

the average content in the hydrating pastes is 9.5 ± 0.9%, which shows that the amount of quartz in the 

hydrating pastes is rather consistent, but in comparison to the fresh paste slightly underestimated.  

The quartz sample attains the highest degree of hydration at 182, with a value of 80.3%. This is due to the 

high effective water-to-cement ratio, which also caused high structural water content, and due to the 

heterogeneous nucleation effect, which was first observed in calorimetry. 

Next is the BA25 paste (Figure 4.10) with the addition of MSWI BA, which adds some crystalline phases such 

as diopside, åkermanite, quartz, and calcite to the phase assemblage, but, more importantly, also a large 

amount of amorphous content. This paste shows the largest differences in composition between early and 

later samples; mainly the differences in MSWI BA content and hemicarbonate are interesting. The former 

may be explained by some bottom ash having become amorphous upon ball milling in the younger samples,  

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Fresh 7 days 14 days 28 days 56 days 182 days

C
o

n
te

n
t [

w
t.%

]

R2 binder paste

Cement (unreacted) Quartz Portlandite Hemicarbonate

Ettringite Amorphous Free water



50 

 

and the latter may show that the BA25 paste is more prone to carbonation, which, in turn, may indicate that 

the BA25 paste is rather porous. 

BA25 reaches a 182-day degree of hydration of 72.8%, which is considerably lower than the R2 reference,  

and indicates the extent of the delay of hydration which MSWI BA causes. 

 

Figure 4.10: Phase composition progress of BA25 paste from fresh state until 182 days of curing. 

Results for pastes containing CSS, such as CS25 (Figure 4.11) are categorised differently. CSS and cement 

both contain C2S and C4AF and although it is likely that the cementitious phases in CSS hydrate slower than 

those in cement, it is not known to what extent. For this reason, C2S and C4AF are shown separately. 

 

Figure 4.11: Phase composition progress of CS25 paste from fresh state until 182 days of curing. 
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The phase composition progress shows that the content of inert CSS, which are the iron oxide phases, is not 

entirely stable across various samples, which makes the results less reliable. Calculating the degree of 

hydration required knowledge of the fractions of C2S and C4AF which belong to cement, and, to make this 

calculation possible, the content of these phases was divided over CSS and cement by their rate of 

occurrence in the fresh paste, although this assumes that these phases react at same speed when from CSS 

or cement. The degree of hydration at 182 days was 73.0%, which is only little more than MSWI BA. This may 

show that the assumption to divide C2S and C4AF like this is not reliable or that CSS also delays the hydration 

of cement, but more importantly it is likely related to the lower w/b ratio of the CS25 paste.  

Degree of hydration was also calculated when all cementitious phases (from cement or CSS) were taken into 

account, and this led to a 182-day value of 66.4%, which shows that altogether, the CS25 paste hydrates at 

a slower rate than the reference pastes. 

 

Figure 4.12: Phase composition progress of BACS25 paste from fresh state until 182 days of curing. 

The BACS25 paste, finally, was also categorised in the alternative way because it contains CSS. Similarly to 

the BA25 paste, there is a higher content of hemicarbonate in this paste compared to the others at the later 

ages, which brings further credibility to the theory that this is due to the presence of MSWI BA. The content 

of crystalline MSWI BA is more constant in this paste than in BA25. 

Out of all five pastes, BACS25 has the lowest degree of hydration, with a value of 68.7% determined taking 

into account cement only and 55.4% for clinker phases from cement and CSS both. This is again mostly 

related to the lower w/b ratio in this specific paste compared to the first three but does indicate that the 

combination of MSWI BA and CSS leads to slower and delayed hydration. 

4.2.5 Microstructural analysis 
Combining scanning electron microscopy with energy dispersive spectroscopy allowed combination of the 

analyses of the matrix microstructure with estimations of phases present in the matrix, to qualitatively  

evaluate the nature and cohesion of hydration products. The results presented here are from pastes aged 

for 28 days and show sections of the paste disks which are as representative of the entire sample as possible.  
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Figure 4.13 from left to right: a) SEM micrograph of the R1 paste and b) a close-up on the 10 µm scale for EDX analysis. 

SEM analysis of the R1 paste shows a microstructure with several dense and other more porous zones ( Figure 

4.13), but generally there is strong cohesion between the hydration products. The denser zones show 

material of one type closely surrounded by another material, whereas the more porous zones contain 

granular material. 

Spot analyses performed by EDX (Table 4.9) reveal a certain number of different phases, and the loci 

numbered in Figure 4.13 are identified as follows: 1) a quartz grain, a common material in cement, although 

at low concentrations, 2) unhydrated C3S particle, 3) hydration products of C3S with a molar Ca/Si ratio of 

3.2, with presence of sulphur and aluminium also indicating ettringite or similar phases, 4) hydration 

products of C2S with a Ca/Si ratio of 2.3, 5) unhydrated C2S particle, and 6) hydration products of C3S, 

probably high in portlandite due to the Ca/Si ratio of 3.7. 

The phases identified by the EDX analysis are all common to hydrating cement and show that a matrix with 

a high Ca/Si ratio is developing. 

Table 4.9: EDX spot analyses of the six loci in the hydrated R1 paste, indicated in Figure 4.13. 

 

Compound

Spot 1        

[wt.%]

Spot 2        

[wt.%]

Spot 3        

[wt.%]

Spot 4        

[wt.%]

Spot 5        

[wt.%]

Spot 6        

[wt.%]

MgO - 1.0 1.6 1.8 0.5 1.0

Al₂O₃ - 1.4 9.4 2.2 1.6 1.9

SiO₂ 100.0 24.0 18.7 28.2 30.0 20.7

P₂O₅ - 0.9 1.2 1.4 1.3 1.4

SO₄ - - 12.0 3.8 - 2.5

Cl - - 0.5 - - -

K₂O - - 0.7 0.6 0.5 -

CaO - 71.9 54.9 60.5 64.8 71.7

Fe₂O₃ - 0.8 1.1 1.6 1.2 0.9

Spot analysis
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Figure 4.14 from left to right: a) SEM micrograph of the R2 paste and b) a close-up on the 10 µm scale for EDX analysis. 

The SEM micrograph of the R2 paste (Figure 4.14) shows a rather different composition compared to R1. A 

larger amount of void spaces (dark spots) shows that the matrix is more porous, and it includes several 

unbound particles which are understood to be quartz grains. 

EDX analysis results listed in Table 4.10 reveal several different phases for the spots numbered in Figure 4.14 

and these are identified as: 1) a large quartz grain, 2) unreacted C4AF which oddly contains quite some 

magnesium, 3) hydrated C2S with a molar Ca/Si ratio of 1.8, 4) hydration products, mostly portlandite, 5) also 

mostly portlandite, and 6) an aluminosilicate mineral from quartz. 

Quartz grains appear poorly embedded into the cement matrix due to the absence of a cohesive interfacial 

transition zone between quartz and hydration products. This may lead to enhanced crack propagation and 

lower strength development. It also suggests that the influence of the heterogeneous nucleation effect of 

inert quartz particles is only of limited significance on binder hydration. 

Table 4.10: EDX spot analyses of the six loci in the hydrated R2 paste, indicated in Figure 4.14. 

 

Compound

Spot 1        

[wt.%]

Spot 2        

[wt.%]

Spot 3        

[wt.%]

Spot 4        

[wt.%]

Spot 5        

[wt.%]

Spot 6        

[wt.%]

Na₂O - 2.3 0.6 - - -

MgO - 13.3 0.7 - - -

Al₂O₃ - 20.8 2.0 0.7 - 38.0

SiO₂ 100.0 5.7 33.3 3.8 5.1 54.4

P₂O₅ - 0.0 2.3 0.9 0.9 -

SO₄ - 5.7 3.2 2.9 - -

Cl - - 0.4 - - -

K₂O - 1.6 1.2 - - 3.2

CaO - 43.1 55.4 91.7 93.9 3.3

Fe₂O₃ - 7.5 0.8 - - 1.0

Spot analysis
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Figure 4.15 from left to right: a) SEM micrograph of the BA25 paste and b) a close-up on the 10 µm scale for EDX analysis. 

The microstructure of the BA25 paste (Figure 4.15) contains several dense zones and some highly porous 

areas. Compared to R1, the BA25 microstructure is far more porous; compared to the R2 paste, the void 

spaces are concentrated mostly in certain zones rather than around certain materials. 

EDX analysis (Table 4.11) was performed on seven loci, numbered in Figure 4.15, which are identified as 

follows: 1) through 3) are chips of waste glass from the bottom ash, which are the main sources of pozzolanic 

reactivity, 4) is a piece of iron oxide from the bottom ash, 5) is a grain of unhydrated C3S, 6) contains hydration 

products of C3S with a molar Ca/Si ratio of 2.0, and 7) contains hydration products of various clinker phases,  

likely a C-A-S-H gel with a Ca/Si ratio of 0.7. 

The small glass chips are fine enough to participate in pozzolanic reactions, but the lack of a transition zone 

between the matrix and glass chips may signify that these are in fact not reacting. Other analysis methods 

have already shown, however, that pozzolanic behaviour is a late-stage effect and probably not visible after 

28 days of curing. 

Table 4.11: EDX spot analyses of the seven loci in the hydrated BA25 paste, indicated in Figure 4.15. 

 

Compound

Spot 1        

[wt.%]

Spot 2        

[wt.%]

Spot 3        

[wt.%]

Spot 4        

[wt.%]

Spot 5        

[wt.%]

Spot 6        

[wt.%]

Spot 7        

[wt.%]

Na₂O 6.4 10.6 8.8 - - 0.8 1.9

MgO 3.1 4.0 1.2 - 1.1 0.9 1.6

Al₂O₃ 1.6 1.2 2.1 2.1 1.8 2.6 14.3

SiO₂ 77.4 75.0 75.6 1.5 23.4 29.5 36.4

P₂O₅ - - - 0.9 1.4 1.6 4.4

SO₄ - - - 1.7 1.7 4.4 2.4

Cl - - - - - 0.4 0.7

K₂O 0.7 - 0.9 - - 0.7 1.0

CaO 10.8 9.2 11.4 1.8 70.6 58.4 26.2

TiO₂ - - - 3.1 - - 3.0

Fe₂O₃ - - - 88.9 - 0.8 8.2

Spot analysis
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Figure 4.16 from left to right: a) SEM micrograph of the CS25 paste and b) a close-up on the 10 µm scale for EDX analysis. 

Compared to the previous three, the CS25 paste (Figure 4.16) shows a matrix with high density and barely 

any void spaces, except around certain large grains. These grains consist of two materials of different atomic 

mass, observed from the interlaced light and dark veins, and these grains are understood to be CSS. 

EDX results for CS25 are listed in Table 4.12, and the phases numbered in Figure 4.16 are identified as: 1) 

organic matter, 2) a calcium ferrite phase of CSS, 3) C2S phase of CSS, 4) an unhydrated grain of C3S from 

cement, 5) a small quartz grain, likely from cement, and 6) hydration products, likely C-S-H and ettringite 

phases, with a molar Ca/Si ratio of 1.9. 

Small inclusions of organic matter were found in almost every paste and were probably present as a result 

of preparation or processing steps. Void spaces around the CSS grains may indicate that the hydraulic 

properties of CSS are slow compared to the clinker phases from cement, although the edges of CSS grains 

which consist of C2S show better cohesion than the calcium ferrite edges. 

Table 4.12: EDX spot analyses of the six loci in the hydrated CS25 paste, indicated in Figure 4.16. 

 

Compound

Spot 1        

[wt.%]

Spot 2        

[wt.%]

Spot 3        

[wt.%]

Spot 4        

[wt.%]

Spot 5        

[wt.%]

Spot 6        

[wt.%]

C 58.4 - - - - -

MgO 0.7 0.4 - 1.1 - 1.1

Al₂O₃ 1.6 2.9 1.0 2.2 - 2.3

SiO₂ 7.9 1.6 30.3 22.6 99.7 31.3

P₂O₅ 1.5 0.9 2.0 1.3 - 1.4

SO₄ 4.1 - - - - 5.6

Cl 1.6 - - - - -

CaO 21.9 47.4 65.4 71.7 0.3 56.9

TiO₂ - 2.7 - - - -

Cr₂O₃ - 0.7 - - - -

Fe₂O₃ 2.4 43.3 1.2 1.0 - 1.4

Spot analysis
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Figure 4.17 from left to right: a) SEM micrograph of the BACS25 paste and b) a close-up on the 10 µm scale for EDX analysis. 

The microstructure of the BACS25 paste (Figure 4.16) is similar to that of the BA25 paste, consisting of 

separated dense and porous zones, although BACS25 contains relatively more dense zones. The micrograph 

demonstrates the highly heterogeneous composition of the paste sample, which also includes some organic 

matter (round inclusions). 

EDX analysis results (Table 4.13) identified the following phases, numbered in Figure 4.17: glass chips 

deriving from bottom ash in 1) and 2), 3) unhydrated C2S part of a CSS grain, 4) RO (mixed Fe-Mg-Mn) oxide 

part of a CSS grain, 5) unhydrated C3S grain from cement, 6) hydration products of C3S, C-S-H with a molar 

Ca/Si ratio of 1.8 and some ettringite, and 7) hydration products of C3S, mostly portlandite. 

As was observed for BA25, the BACS25 paste shows that glass chips of MSWI BA, although quite fine, are not 

properly embedded into the matrix of hydration products, or at least not at this stage. The C2S side of the 

CSS grains is properly embedded into the matrix, however, indicating that this phase is participation in 

hydration. 

Table 4.13: EDX spot analyses of the seven loci in the hydrated BACS25 paste, indicated in Figure 4.17. 

  

Compound

Spot 1          

[wt.%]

Spot 2          

[wt.%]

Spot 3          

[wt.%]

Spot 4          

[wt.%]

Spot 5          

[wt.%]

Spot 6          

[wt.%]

Spot 7          

[wt.%]

Na₂O 7.4 8.0 - - - 0.6 -

MgO 1.3 1.8 - 15.0 1.2 1.8 -

Al₂O₃ 2.1 1.5 1.2 - 1.8 2.6 -

SiO₂ 76.9 75.4 29.4 0.8 22.1 32.9 1.8

P₂O₅ - - 2.6 - 2.6 2.2 1.0

SO₄ - - - - - 3.2 2.2

K₂O 0.4 1.0 - - - - -

CaO 11.9 12.2 64.0 4.8 72.3 55.3 94.9

TiO₂ - - 0.8 - - - -

V₂O₅ - - 1.2 - - - -

Cr₂O₃ - - - 0.9 - - -

MnO - - - 14.7 - - -

Fe₂O₃ - - 0.8 63.9 - 1.4 -

Spot analysis
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4.3 Discussion 
4.3.1 Methods 
Determining the hydration kinetics of the five binder pastes by calorimetry was a useful method in the sense 

that it yielded results within a short time frame, but the analysis of heat flow data suffered from limited 

comparability between samples due to differences in cement content, which was most pronounced for the 

CS25 sample. These were inevitable and resulted from the different mass ratios of constituents for each 

sample. Normalising the results based on cement content provided a solution, however.  

Another downside of the applied method for calorimetry was the assumption made about the specific heat 

capacity, which was set to 0.84 J g-1 K-1 for all materials. This is a reasonable assumption for cement and 

quartz powder (Engineering ToolBox, 2003), but much less about this property is known for MSWI BA and 

CSS, although recent findings show that 0.84 is an overestimation at least for CSS (Gil et al., 2014).  

Nevertheless, influence on the calorimetry results may be limited since the binders consist mostly of cement. 

All analysis methods which utilised material derived from paste disks suffered from a limitation related to 

comparability of the CS25 and BACS25 samples to the other three, since these were made with different w/b 

ratios. With the aim of keeping w/b ratio as much of a constant factor as possible throughout the research,  

the values from Table 5.1 were used for the paste disks. This ensures that the results from the hydration 

study will be more comparable to results from the performance study, but for a more complete hydration 

study, samples of the same w/b ratio would have been preferable. 

Methods of determining structural water content, thermal analysis and solvent exchange combined with 

weighing, led to results with several anomalous or fluctuating values. It is possible that the reactiveness of 

several phases containing water, e.g. by carbonation, hindered their proper analysis. For instance, the 182-

day samples contained a relatively large amount of carbonate phases, which may be coupled to the lower 

contents of structural water in these samples. To increase certainty, it is advised to prepare several samples 

per curing age for the solvent exchange method, since it is rather simple to perform. Methods of determining 

portlandite content, on the other hand, proved more robust in terms of agreement. 

Quantifying the phase composition likely suffered from a strong influence of the applied milling method, 

since a more intense milling program may destroy more delicate phases such as ettringite and 

hemicarbonate, and lead to an overestimation of amorphous content. Altering the milling program is 

therefore not advised. The analysis comes with some inherent uncertainties, which were observed from 

fluctuations in the content of several inert phases such as quartz in the R2 paste or iron oxides in the CS25 

paste, which did change in content of the course of curing ages. 

The microstructural analysis by SEM and EDX was limited in finding representative sections for each paste,  

which sufficiently represent the entire structure, but otherwise the method provided qualitative indications 

of the microstructure within a short timeframe. The analysis could have been more thorough by evaluating 

late-age specimens as well, since results indicated that at 28 days pozzolanic reactions were not taking place 

yet, which may have been visible in the 91- or 182-day samples. 

4.3.2 Results 
Calorimetry of the BA25 paste resulted in a delay of the acceleration period and an increased sulphate 

depletion peak. This indicates the presence of soluble sulphate phases in the bottom ash which delay  

dissolution of the C3A clinker phase (Wadsö et al., 2016). The additional heat of reaction calculated for the 

BA25 binder also confirmed that a high amount of material dissolved during hydration, as was previously 

found for several MSWI BA fractions (Caprai et al., 2018). Other soluble phases, such as those of calcium or 

heavy metals may also be responsible for delaying hydration, since the former inhibits C3S dissolution and 

hydration, whereas the latter form insoluble metal hydroxides which precipitate on cement grains (Chen & 

Yang, 2017). 
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The delaying effect of the addition of MSWI BA was visible throughout the other analyses; structural water 

and portlandite content was suppressed compared to the reference pastes, and early portlandite 

suppression was found to be unrelated to pozzolanic reactions, since these are usually latent and since 

suppression occurred in the CS25 paste as well. Delay of hydration also expressed itself in a lower degree of 

hydration of the cement clinker phases, compared to the references. 

There were small indications of pozzolanic behaviour in BA25, however, such as the rapid increase of 

structural water paired with suppression of portlandite during the later stage of curing, although these 

effects seemed very small, as was predicted by the pozzolanic reactivity tests performed on the raw material. 

Glass chips found by the SEM-EDX analysis were of sufficient fineness to participate in pozzolanic reactions,  

although these had not initiated visibly by 28 days of curing. 

In microscopy, the BA25 paste showed large porous zones which are expected to be deleterious to strength 

development for BA25 mortars. Conversely, other studies where MSWI BA was incorporated into cement 

found that it created a denser matrix (Garcia-Lodeiro et al., 2016; Wongsa et al., 2017), although these studies 

arguably applied a finer bottom ash fraction with a different composition (more calcium- than silica-rich), 

and the former also introduced fly ash as well as an alkali-activator into the matrix. The higher presence of 

carbonate phases in the older samples of pastes containing MSWI BA compared to those without was 

possibly a demonstration of the high porosity of pastes with bottom ash, since it is known that higher 

porosity increases the permeability, which may increase the rate of carbonation (Bertolini et al., 2004). 

Hydration kinetics of the CS25 paste showed a diminished heat flow compared to the reference pastes,  

although the peaks were not delayed. The negative additional effect on heat of reaction indicated that the 

presence of CSS did lead to a slower dissolution of phases, and that the clinker phases in CSS itself may 

suffer from slow dissolution. Similar results were described by Jiang et al. (2018), who noted that a reduction 

in dissolution of calcium caused cement to hydrate more slowly in the presence of an addition of CSS. 

The progression of contents of structural water and portlandite also indicated slow hydration, since strong 

suppression at the early ages was seen, relative to the reference pastes. These results were, however, 

certainly influenced by the lower w/b ratio of CS25 compared to the other pastes, which was demonstrated 

furthermore by the low degree of hydration. 

Suppression of CH formation in CS25 indicates less dissolution of calcium phases, which may again indicate 

that the clinker phases in CS25 hydrate slowly. Several authors have described this as being a result of the 

dense structure of CSS and its large crystal sizes (Jiang et al., 2018; Zhao et al., 2016). A rapid late-stage 

increase in CH content compared to the inert reference did, however, suggest that the CSS clinker phases 

are reacting, confirming predictions made during material characterisation based on the basicity ratio. 

In the microstructural analysis it was found that the CS25 paste was the least porous, showing mostly zones 

filled with dense hydration products. This corresponds with the relatively lower amounts of carbonate 

phases identified at the later ages of curing, since CO2 penetrates more slowly through a dense matrix. The 

density of CS25 is a result of its lower w/b ratio, as well as the additional cementitious property of CSS, which 

together may lead to high strength development. 

BACS25, which combined the additives MSWI BA and CSS, also seemed to combine many of the (negative) 

effects of its constituents. Hydration was delayed and diminished in the calorimetry results, while a strong 

suppression of CH production was also observed, not likely due to pozzolanic reactions at such a high extent.  

Individual characteristics of MSWI BA and CSS were also observed in the SEM-EDX analysis of BACS25. 

Most importantly, however, BACS25 yielded the lowest degree of hydration at 182 days of all pastes, due to 

the combined effects of CSS and MSWI BA, and it is likely that the poor hydration of the BACS25 paste will be 

reflected in the performance of the BACS25 mortar.  
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5 Performance study 
5.1 Methodology 
5.1.1 Preparation of mortar prisms 
Performance of the five binder mixes introduced in section 4.1.1 was evaluated in terms of mechanical 

strength development and environmental leaching. Mortar prisms were prepared for these analyses,  

according to a standardised recipe. The mortars are in essence similar to the binder paste, except they 

include sand as aggregate and are therefore more voluminous. 

Standardised mortar prisms were prepared according to the recipe in the European standard EN 196-1 (CEN, 

2005), albeit slightly altered. This standard applies a water/binder ratio of 0.50 but the recipe customised for 

this research let the water/binder ratio be a variable to be determined by the flowability of the mortar mixes, 

measured by their spread flow. The reason for this is that workability is considered an important factor in 

the development of strength in the mortar and should be kept constant across all five mortars.  

5.1.1.1 Preliminary spread flow tests 
Multiple mortar batches were therefore prepared according to CEN EN 196-1 (2005) using an array of w/b 

ratios in a preliminary test to determine which ratio lead to the desired spread flow. The desired spread flow 

is defined as the spread of the R1 mortar with 0.5 w/b ratio, which conforms fully to the guidelines of the 

European standard and was found to be 15 ± 1 cm. For the other four mortars, the spread flow tests were 

performed. Firstly, mortars were mixed according to the standard’s recipe: 

▪ Weigh water (in this case: tap water), cement, and replacement(s) by means of a balance; 

▪ Mix the dry ingredients (cement and replacement(s)), if applicable; 

▪ Place water and dry ingredients into a bowl; 

▪ Immediately start mixing at low speed (140 ± 5 rpm), for 30 seconds; 

▪ Add pre-packaged mortar sand (in this case: CEN Standard sand obtained from Normensand 

GmbH) during the next 30 seconds, while mixing; 

▪ Switch to high speed (285 ± 10 rpm) and continue mixing for another 30 seconds; 

▪ Stop the mixer for 90 seconds, during the first 30 

seconds remove by means of a rubber or plastics 

scraper the mortar adhering to the wall and bottom 

of the bowl and place into the middle; 

▪ Continue the mixing at the high speed for 60 

seconds.  

Next, the spread flow test was performed following CEN EN 

1015-3, a common standard for determining flow consistency 

by using a truncated conical mould, or Hägemann cone (CEN, 

1999). For each of the four mortars a w/b ratio of 0.5 was the 

starting point and subsequent tests featured a lower or higher 

value depending on experienced result. Spread flow results 

were measured as shown in Figure 5.1 and analysed in 

relation to the w/b ratio, with the results presented in Figure 

5.2. Here the designated spread flow of 15 cm is shown as a 

horizontal red line. 

Although the necessary information was by this point already  

extracted from these mortar batches, the spread flow test Figure 5.1: Measuring the diameter of a cement pat 

fresh out of the Hägemann cone. 
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batches were nevertheless cast to be test subjects for a 28-day strength test at varying w/b ratio. The mortars 

were cast following CEN (2005) guidelines in polystyrene moulds sized 40 x 40 x 160 mm³, jolting the mould 

on a vibration table two times during casting, and then wrapping these in PVC cling foil to be stored until 

hardened (24 hours), after which they were demoulded, labelled, and stored under controlled humidity (RH 

> 95%, T = 21°C) until date of testing. 

 

Figure 5.2: Results of the preliminary spread flow tests for variable w/b ratio. 

5.1.1.2 Test mortar prisms 
Before deciding the choice of final w/b ratios, it must be noted that the mortar batches in the preliminary 

test were prepared as single mortar batches producing enough mortar for three 40 x 40 x 160 mm³ mortar 

prisms, whereas the final test mortars were prepared as double batches to improve efficiency. This leads to 

a difference in experienced spread flow, since the bench-mounted mixer is more suitable for double batches 

and therefore these yield a slightly higher spread flow. For this reason, w/b ratios giving a spread flow slightly 

lower than 15 cm in Figure 5.2 were chosen as the final w/b ratio. Taking this into account, Table 5.1 shows 

the composition of the five final mortar recipes. 

Table 5.1: Composition of the final test mortars, for one batch. 

 

Mortars were mixed and cast (Figure 5.3) in double batches according to the method described in the 

previous section, based on (CEN, 2005), for ages of 1, 7, 14, 28, 56, 91, and 182 days, performing also a spread 

flow test (CEN, 1999) each time after mixing the mortar to assure the desired spread flow of 15 ± 1 cm was 
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CS25 1350.0 337.5 173.4 0.43 217.1

BACS25 1350.0 337.5 40.8 86.7 0.45 209.3
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achieved, which was indeed the case. After 24 hours of curing, the mortar prisms were demoulded, labelled,  

and left to cure under controlled humidity (RH > 95%, T = 21°C) until designated time of testing. 

Note: due to Covid-19 related lab closure, the original 56-day samples expired, and were prepared later from a 

different batch of cement, which may influence results.  

 

Figure 5.3, top to bottom and left to right:  

a) Dry ingredients in the mixing bowl before mixing;  

b) Adding tap water to the mixing bowl before mixing; 

c) Filling mortar moulds with fresh mortar; 

d) Jolting the mould when filled halfway; 

e) Freshly demoulded and labelled mortar prisms. 
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5.1.2 Mechanical performance 
After curing, the mortar prisms were first smoothened by scrubbing each side by means of a putty knife, in 

preparation for mechanical performance tests, and then weighed to determine the density. Since the 

envelope volume (40 x 40 x 160 mm3) is used for this calculation, the density qualifies as the envelope density 

(Webb, 2001). 

Flexural strength was tested as part of the mechanical performance using a three-point bending test carried 

out on an Automax 5 testing bench operated with a Microdata Autodriver, following the CEN EN 196-1 

guideline (2005). The lower fulcrum span (between the support points) was 100 mm and the crosshead rate 

applied was 50 N/s. The force was measured until the first crack load Ff, upon which the flexural strength σf 

is then calculated according to the formula: 

 
σf = 

3Ff L

2bh2
 Eq. 5.1 

This formula uses, next to the first crack load, also the lower fulcrum span (L) and the width (b) and thickness 

(h) of the mortar prisms (both 40 mm). Flexural strength was determined in triplicate for each of the five 

mortar specimens. 

Compressive strength was then evaluated using the separated ends resulting from flexural strength tests as 

test prisms, following the same standard as for flexural strength. The same apparatus (Automax 5) was used 

but this time in compressive mode, applying a constant compression rate of 2400 N/s and measuring 

compressive force until rupture, upon which the compressive strength σc was calculated using force at 

rupture Fc, as follows: 

 
σc  = 

Fc

bh
 Eq. 5.2 

Compressive strength was determined in sextuplicate for each of the five mortar specimens. 

Results of compressive strength tests were used to further analyse the effects of the addition of MSWI BA and 

CSS to a cementitious mortar using the effectiveness (K) factor (Ho & Lewis, 1985), also referred to as strength 

activity index or specific strength, which is a common performance metric for pozzolans, being initially 

developed for fly ashes, but also often applied to bottom ashes (Bertolini et al., 2004; Caprai et al., 2018;  

Filipponi et al., 2003; Polettini et al., 2005, 2009). The K factor is calculated as follows: 

 
K = 

σc,X

σc,ref

 Eq. 5.3 

Where σc,X is the compressive strength of the mortar X which includes a cement replacement, and σc,ref is the 

compressive strength of the reference mortar containing only cement. 

Additionally, an attempt was made to quantify the synergetic effect between MSWI BA and CSS, by 

comparing the results of the BA25 and CS25 mortars to the BACS25 mortar. The method is derived from the 

work of Li (2019) where it was originally intended for the synergy effect of a quaternary binder compared to 

binary or tertiary binders. The synergy is quantified as follows: 

 
Synergy = 

(σc,ref ⎼ σc,BA25) + (σc,ref ⎼ σc,CS25)

(σc,ref ⎼ σc,BACS25)
 ⎼ 1 Eq. 5.4 

Where σc,BA25, σc,CS25, and σc,BACS25, are the compressive strength of the BA25, CS25, and BACS25 

mortars, respectively. K-factor and synergy were each evaluated as a function of curing age. 
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5.1.3 Environmental performance 
The broken mortar prisms were used further as test specimens for an analysis of environmental 

performance, determined by leaching of heavy metals and soluble salts after a one-batch leaching test 

according to CEN EN 12457 (2002). The procedure was as follows: 

▪ Broken mortar prisms were ground to have a particle size ≤ 4 mm; 

▪ 10 g of mortar granules was mixed with 100 mL of deionised water in a plastic container, to obtain 

a liquid-to-solid ratio of 10 L/kg, and the container was sealed with an air-tight cap; 

▪ Contact time between the solid material and leachant was 24 hours, during which the container 

was continuously shaken on a reciprocating shaker; 

▪ After equilibration, the liquid (eluate) was filtered using filter paper with a particle retention at 5-13 

µm and the pH value of the eluate was measured with a Voltkraft PH-100ATC pH electrode. 

The eluates were analysed for anions (Cl¯, NO3¯, and SO4
2¯) and some cations (Na+, K+, and Ca2+) by ion 

chromatography (IC) in a Dionex 1100 ion chromatograph equipped with ion exchange column, using small 

aliquots of 2 mL of eluate which were first filtrated using a 0.2 µm filter. 

The remaining eluates were then acidified by adding several drops of ultrapure concentrated nitric acid and 

analysed for a wide range of (heavy) metals/metalloids by inductively coupled plasma optical emission 

spectrometry (ICP-OES) analysis in the Spectroblue ICP-OES apparatus by Spectro. 

Since the method of incorporating a waste product such as MSWI BA or CSS into a cement matrix qualifies 

as a solidification treatment method (Lam et al., 2010; Luo et al., 2019), it is of interest to compare leaching 

of the mortar mixes to leaching of the original raw material, which is why the one-batch leaching test and 

subsequent IC/ICP analyses were also performed on the four raw materials. It must be noted, however, that 

these are already much finer (< 160 μm) compared to the mortar granules (≤ 4 mm) and will therefore have 

higher leaching. 

Furthermore, the addition of mortar sand and water also causes dilution of the raw materials, which further 

lowers leaching from mortars. An attempt was made to quantify the effectiveness of solidification in the 

cement matrix by taking into account the dilution effect to calculate the leaching concentration after 

dilution and comparing these values to the observed leaching. This method was applied to the BA25 mortar 

only, since BA is the most contaminated material and has highest content in this mortar. Calculations were 

performed as follows: 

 [X]BA25,calc.  = M%BA/BA25  × [X]BA,obs. Eq. 5.5 

Where [X]BA25,calc. is the calculated leaching concentration of element X in BA25, M%BA/BA25 is the mass 

percentage of MSWI BA in the BA25 mortar, and [X]BA,obs. is the observed leaching concentration of element X 

in MSWI BA. 

 Effect of solidification = [X]BA25,obs.  ⎼ [X]BA25,calc .  Eq. 5.6  

Where [X]BA25,obs. is the observed leaching concentration of element X in BA25. A positive value of the 

solidification effect meant that inclusion in the cement matrix increased leaching of element X, whereas a 

negative value signified decreased leaching. However, it must be noted that other factors, such as leaching 

from mortar sand and, more importantly, cement itself, as well as the aforementioned differences in fineness 

between mortar granules and the raw material powders also played a role. 

Lastly, leachable content of (heavy) metals/metalloids and soluble salts was also divided into two 

categories: those with and those without a legal limit. The Dutch Soil Decree (Dutch Government, 2007) was 

then used as legal limit and as a benchmark to test the environmental safety of the mortar mixes. 
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5.2 Results 
5.2.1 Preliminary spread flow tests 
The mortars that were made for the preliminary spread flow tests to determine the ideal w/b ratio for each 

binder mix were tested at 28-days for mechanical performance. The envelope density (abbreviated as Env. 

density) and compressive strength were recorded, and these values are listed in Table 5.2 together with the 

properties of the mortar in the fresh state: the w/b ratio and resulting spread flow. Additionally, Figure 5.4 

represents the trends of strength and density set out against the w/b ratio, including a vertical line showing 

where the chosen w/b ratio lies on the strength and density curves. 

Table 5.2: Results of the preliminary spread flow tests and subsequent strength tests for these mortars at 28 days. 

 

First and foremost, the graphs show that density and compressive strength correlate very well, showing that, 

as expected, density of the mortar matrix is paramount to the strength development. Most curves show a 

inverse parabolic shape with an optimal w/b ratio and poorer results for strength and density on both sides 

of this optimum. The reason for this is, on one hand, that the mortar requires sufficient water for a proper 

spread flow, so that the mortar contains as little air bubbles as possible, while a certain level of water is also 

required for optimal hydration of the binder particles. On the other hand, a surplus of water will cause a 

porous mortar because upon hardening, excess water will leave voids which are deleterious to strength 

development. 

Such a trend is observed for the R2, CS25, and BACS25 mortars, but the BA25 shows increasing strength 

development towards lower w/b ratios, with the optimum being at 0.45 or perhaps even lower. These 

mortars low in water did have very poor flowability, however. The R2 and BA25 mortars both have an applied 

Mortar

w/b ratio                 

[-]

Spread flow [cm] Env. density 

[g/cm³]

Comp. strength          

[MPa]

R2 0.40 10.0 2.19 33.9

0.45 13.0 2.28 40.9

0.48 12.0 2.15 33.9

0.50 15.9 2.25 33.7

BA25 0.45 11.0 2.15 34.8

0.48 12.8 2.17 34.6

0.50 13.5 2.13 30.2

0.53 16.5 2.12 29.4

0.55 16.5 2.09 25.3

CS25 0.38 10.0 2.21 34.8

0.40 11.0 2.20 35.8

0.43 14.7 2.27 45.0

0.45 15.5 2.26 42.8

0.50 20.1 2.21 34.1

BACS25 0.40 11.0 2.18 33.8

0.43 12.0 2.19 37.6

0.45 14.8 2.20 38.0

0.48 17.1 2.18 34.0

0.50 17.9 2.14 30.8

Properties (fresh mortar) Properties (28 days)
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w/b ratio which is not optimal in terms of compressive strength development according to the data in Figure 

5.4, but this chosen w/b ratio did lead to the correct flowability and is also preferable because it is exactly 

the same as the w/b ratio of the R1 mortar. Therefore, the R2 and BA25 are deemed most comparable to the 

other mortars with the chosen w/b ratios, but it must be remembered that their strength development may 

be improved with a lower ratio. 

It was surprising to find that the w/b ratio of 0.50 suffices for the BA25 mortar, despite the high fineness and 

water demand of the MSWI BA itself (see Table 3.2 of material characterisation). This may be explained,  

however, by the relatively lower content of BA in the mortar by mass compared to the original cement binder 

(see Table 5.1) while alternatively the fineness of the BA particles may allow them to fill voids between the 

cement particles, thus leaving less voids for the water to fill. 

The CS25 and BACS25 mortars have an applied w/b ratio that is indeed optimal, which is most important for 

the BACS25 mortar, because this mortar uses the main binder mix (combining MSWI BA and CSS) in this 

research and therefore benefits most from strength optimisation. 

   

   

Figure 5.4, from left to right and top to bottom: compressive strength and envelope density of the hardened mortar prisms set 

out against w/b ratio for the a) R2, b) BA25, c) CS25, and d) BACS25 mortars.  
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5.2.2 Mechanical performance 
With the w/b ratios determined in the preliminary spread flow tests, mortar prisms were made for testing of 

mechanical performance at various ages of hydration, to see whether the cement replacements could 

provide sufficient strength development. The benchmark is a strength development of 42.5 MPa for 

compressive strength at 28 days of hardening, which is the strength class of the cement used for these 

mortars. 

5.2.2.1 Flexural strength 
Flexural strength test results (Figure 5.5, data tables in Appendix VI) show that the final strength is often 

quickly attained (at 14 days) and then fluctuates at later test dates. The only mortar showing a significant 

increase after the first two weeks of aging is BA25, which indicates that bottom ash delays hydration more 

so than CSS, as was also derived from the calorimetry study. 

The results of the R1 mortar show that for cement, flexural strength is a rather unstable property, although 

the value seems to fluctuate around 8 MPa for the mortar prisms. An observation which suggests the same 

is the standard deviation for some specimens. In general, variation of the results and magnitude of the errors 

bars obscure judgement on how the mortars are hydrating, based on flexural strength development. 

Flexural strength suffers a slight decrease when the cement is replaced by an alternative material, and 

towards the end of hydration (182 days) it seems that quartz powder contributes least to the development 

of flexural strength, whereas the bottom ash and steel slag both contribute slightly, but not more than 

cement itself. The flexural strength of BACS25 is very close to that of BA25 and CS25. 

 

Figure 5.5: Results of flexural strength measurements for the five mortars at several ages of hydration. 

5.2.2.2 Compressive strength 
Compressive strength results (Figure 5.6, data tables in Appendix VI) show that the R1 mortar easily achieves 

the benchmark value of 42.5 MPa by 28 days, and the only other mortar able to do so is CS25. In fact, the 

initial rate of hydration may be lower for CS25, which was also shown in the calorimetry study and through 

the suppressed portlandite content after seven days, the mortar does eventually lead to results matching 

cement at 91 and 182 days.  

Replacing cement with bottom ash leads to the lowest initial values (1, 7, and 14 days), which are even lower 

than the results of R2, suggesting that not only does the bottom ash not contribute to strength development 

but the materials also delays the hydration of the cement which is present, as was also concluded from the 
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hydration study. However, after 28 days BA25 performs similarly to R2 and eventually reaches a higher 

strength at 182 days. This suggests that the pozzolanic property of bottom ash are highly latent. 

When combining the two cement replacements, MSWI BA and CSS, the result is closer to that of BA25 than 

to that of CS25, which shows that the delayed hydration and slow pozzolanic properties of MSWI BA are 

dominant for compressive strength, or that there may be an interaction effect between bottom ash and steel 

slag which is actually deleterious to the development of strength. 

Lastly, it was noted in the methodology section that the 56-day samples were of a different batch than the 

others, due to Covid-19 related lab closure. This shows a small influence on the test results, since the 56-day  

compressive strength values do not appear to be in line with the other results, which is especially  

pronounced for R2, CS25, and BACS25. 

 

Figure 5.6: Results of compressive strength measurements for the five mortars at several ages of hydration. 

Compressive strength results were used to calculate the effectiveness of the replacements and the synergy  

between MSWI BA and CSS in the BACS25 mortar, and the calculated values are presented in Table 5.3. There 

are standardised threshold values for the K factor of pozzolans: for fly ash these are stipulated in CEN EN 450 

(2012) to be 0.75 at 28 days and 0.85 at 90 days. Table 5.3 shows values of the K factor above 0.75 in a bold 

and italic font, which shows that the only alternative mortar able to match these criteria confidently is CS25,  

although it must be noted that CSS is not a pozzolanic material but a hydraulic material and therefore not 

entirely comparable to pozzolans, which may take more time to react. 

Table 5.3: Effectiveness (K) factor and synergy of the mortar mixes, calculated from compressive strength. 
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R2 BA25 CS25 BACS25 BACS25

1 day 0.34 0.24 0.39 0.28 0.91

7 days 0.68 0.55 0.77 0.61 0.73

14 days 0.66 0.64 0.84 0.70 0.74

28 days 0.69 0.70 0.92 0.74 0.48

56 days 0.83 0.72 0.92 0.77 0.53

91 days 0.75 0.75 1.01 0.86 0.73

182 days 0.71 0.77 1.01 0.79 0.06

K factor

n = 6 
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The K factor of the R2 mortar with 25% inert quartz shows that the effectiveness levels off around 0.75, which 

provides some confidence in the method, since 75% of the performance of a pure cement mortar is indeed 

expected. The addition of MSWI BA as a replacement leads to a delay of hydration reactions, which is 

overcome by 14 days when the BA25 mortar catches up with the R2 mortar. The result for 182 days indicates 

that the K factor of BA25 keeps increasing, which perhaps indicates latent pozzolanic reactions.  

BACS25, on the other hand, seems to level off at the later stage, considering the results between 56 and 182 

days, although it may very well be that either the 91 or 182 day result is anomalous. If the trend indicated by 

the 182 day result is reliable, then a negative interaction is expected between MSWI BA and CSS. BACS25 is 

barely able to match the K factor criteria, especially taking into account standard deviation of the 

compressive strength. 

Results for synergy are to be understood in comparison to a central value of 1.0, which would indicate that 

BACS25 is the exact average of BA25 and CS25. A result > 1.0 indicates a positive synergetic effect and a result 

< 1.0 the opposite. The latter is the case, which again indicates a negative interaction between the two 

materials. Moreover, the general trend is decreasing, which is due to the CS25 mortar increasing rapidly in 

strength, while BACS25 does not so. From this it may be understood that the effect of MSWI BA is stronger 

on the mortar than the effect of CSS. 

5.2.2.3 Envelope density 
Envelope density development was recorded and averaged over the age range of the specimens, since the 

envelope density did not fluctuate much. These results are presented in Table 5.4, which includes the 

standard deviation (0.01 or lower for all mortars), showing that the envelope density is indeed quite stable 

over the range of tested specimen ages. 

The envelope density may give some supplementary information regarding the observed values of 

compressive strength. Above all, it suggests that the mortars containing bottom ash may lead to lower 

strength because their densities are also low compared to the density of the R1 mortars. The high content 

of silica and organic matter as well as the porosity of the bottom ash are all valid reasons for its low density. 

The R2 mortar shows density values comparable to R1, which indicates the density is not the cause of the 

poorer performance of the R2 mortar. Quartz powder instead seems to lack the glue-like properties of 

hydrated cement, therefore lacking the possibility to create proper cohesion within the matrix.  

On the other hand, the density of the CS25 mortar does seem to explain its good performance in relation to 

the R1 benchmark. The iron-bearing phases create a high-density material which also adds cohesion 

potential due to the presence of cement phases, altogether making for a successful cement alternativ e 

which can develop sufficient compressive strength. 

Table 5.4: Average results of envelope density measurements for the five mortars. 

 

5.2.3 Environmental performance 
Broken ends of the mortar prisms were used for a one-batch leaching test and subsequent chemical 

analyses of these leachates. Analysis of the leachate pH, heavy metal/metalloid, and soluble salt content 

Mortar

Average 

[g/cm³]

Standard dev. 

[g/cm³]

R1 2.27 0.01

R2 2.24 0.01

BA25 2.14 0.01

CS25 2.27 0.01

BACS25 2.20 0.01

Envelope density
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together allow judgement of the environmental performance and possible risks of using the raw materials 

alone, or in their stabilised state immersed in a cement matrix. 

To see the full effect of solidification of MSWI BA and CSS into a cement matrix, first the leaching of the 

individual materials must be evaluated, which is presented in Table 5.5. In this table, red values indicate that 

the legal limit is surpassed, black values indicate registered results below the legal limit, and grey values 

indicate registered results which are below the apparatus’ detector limit and therefore not reliable.  

The data show that CSS and quartz powder are already rather safe to use, since both are characterised by 

low leaching. Cement leaches a great deal of chromium and sulphates, as well as slightly more molybdenum 

than allowed. However, the leaching of cement is not expected to cause problems, because it is a marketed 

product and therefore probably safe to use. It is expected that the dangerous heavy metals and soluble salts 

in cement are stabilised when the cement is hydrated. 

The most contaminated raw material is arguably the bottom ash, which surpasses the legal limit of leaching 

for copper, molybdenum, antimony, chloride, and sulphate. These are all common in the leaching profile of 

bottom ashes (Caprai et al., 2018; Xuan et al., 2018), although bottom ash typically also leaches considerable 

amounts of zinc. However, it seems that the bottom ash pre-treatment of wet grinding has been successful 

in removing metallic aluminium as well as zinc, which may also be removed in that way (Joseph et al., 2018). 

A small note is that the leaching of selenium is below the detector of the ICP-OES apparatus, although it is 

already higher than the legal limit in the case of cement and MSWI BA. Therefore, it will still be useful to track 

the leaching of selenium for the mortar specimens. 

Table 5.5: Leaching of heavy metals/metalloids and anions with a legal limit according to Dutch legislation (Dutch 

Government, 2007) and leachate pH values for the four raw materials. 

 

With knowledge of the most important heavy metals and anions among the four raw materials, the leaching 

data of the mortar specimens was analysed at several ages. Since the complete spectrum of leaching is too 

unwieldy to be presented here, the full tables of leaching concentration, split up for elements with a legal 

CEM-I            

[mg/kg d.s.]

MSWI BA     

[mg/kg d.s.]

CSS          

[mg/kg d.s.]

Quartz    

[mg/kg d.s.]

Legal limit 

[mg/kg d.s.]

ICP analysis

Arsenic (As) 0.05 0.05 0.21 0.03 0.90

Barium (Ba) 7.71 1.28 0.99 1.20 22.00

Cadmium (Cd) 0.00 0.01 0.00 0.00 0.04

Cobalt (Co) 0.01 0.01 0.02 0.00 0.54

Chromium (Cr) 5.92 0.35 0.23 0.01 0.63

Copper (Cu) 0.03 9.07 0.06 0.06 0.90

Molybdenum (Mo) 1.30 6.79 0.01 0.02 1.00

Nickel (Ni) 0.00 0.09 0.06 0.00 0.44

Lead (Pb) 0.01 0.05 0.06 0.01 2.30

Antimony (Sb) 0.03 3.25 0.01 0.06 0.32

Selenium (Se) 0.29 0.16 0.05 0.06 0.15

Vanadium (V) 0.00 0.03 0.27 0.10 1.80

Zinc (Zn) 0.05 0.04 0.09 0.02 4.50

IC analysis

Chloride (Cl⁻) 472.7 3354.4 30.9 44.8 616

Sulphate (SO₄²⁻) 3608.1 7303.3 12.9 10.3 1730

pH of leachate 13.6 11.4 12.9 10.3

Raw materials
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limit and those without a legal limit, are included in Appendix VII. In this section, results are only discussed 

for a handful of elements, including those deemed as risky in the raw materials. 

Leaching concentrations of antimony and selenium were below the detector limits in all measurements and 

are therefore not included here. Elements which are discussed are chromium, copper, molybdenum, 

chloride, and sulphate, but also barium. The latter showed enhanced leaching concentrations compared to 

the raw materials and must therefore be discussed. 

Although the legal limit for leaching is not reached by any mortar at any age, which indicates the success of 

the solidification of MSWI BA and CSS into the cement matrix, elements which showed leaching 

concentrations closest to the limit are barium and chromium. Barium (Figure 5.7a) may replace calcium in 

the crystal structure of the clinker phases, which dissolve during hydration to subsequently form hydrated 

cement phases. It is theorised that barium does not participate in the formation of these new phases, and 

remains, therefore, in the cement pore solution or in soluble form. It is interesting to note, moreover, that 

the presence of MSWI BA enhances barium leaching. 

Chromium (Figure 5.7b) also derives mostly from cement itself, since its leaching is highest in the R1 and R2 

mortars and may become an issue at high effective water-to-cement ratios, as is the case in the R2 mortar, 

which is why it leaches more chromium than R1. It is not deemed a risk due to the use of MSWI BA or CSS.  A 

similar conclusion was drawn in another study on MSWI BA leaching (Polettini et al., 2005). 

      

Figure 5.7 from left to right: Leaching concentration at various stage of curing for a) barium and b) chromium. 

Elements which showed a heavily decreased leaching concentration are the heavy metals copper and 

molybdenum (Figure 5.8), and the soluble anions chloride and sulphate (Figure 5.9). The concentrations are 

highest in mortars containing bottom ash, since this raw material showed highest leaching concentrations 

for these elements, but all values are still far under the legal limit. For sulphates specifically it is theorised 

that these participate in cement hydration reactions, for instance to form ettringite, so that their leaching 

concentration from MSWI BA is quickly depleted (already at 7 days). 

One study found that leaching of heavy metals reduces with increased curing age (Polettini et al., 2005), but 

such an effect cannot be confidently derived from the mortars investigated in this research, since the results 

fluctuate over the course of curing. The only mortar which visibly shows this effect is CS25, for instance for 

chromium, copper, and molybdenum. 
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Figure 5.8 from left to right: Leaching concentration at various stage of curing for a) copper and b) molybdenum. 

     

Figure 5.9, left to right: Leaching concentration at various stage of curing for a) chloride and b) sulphate. 

Leaching concentrations of the BA25 mortar were studied in depth to quantify the solidification effect of 

cement on MSWI BA, while also taking into account the dilution effect of using MSWI BA in a mix with other 

raw materials. The quantification of this effect is presented in the table below for the elements which showed 

an appreciable solidification effect, as an average of the different curing ages. The legal limit is included so 

that the magnitude of the effect may be judged. Antimony concentrations of mortar leachates were below 

the detector limit of the ICP-OES apparatus, which makes these data unreliable. 

Table 5.6: Influence of the solidification of MSWI BA into cement on its leaching concentrations. 

 

The results of the solidification effect show a negative value for copper, molybdenum, antimony, chloride, 

and sulphate, indicating that for these elements, solidification was effective, i.e. decreased concentration.  
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Ba Cr Cu Mo Sb Zn Cl¯ SO₄²¯

Solidification 16.34 0.36 -0.18 -0.07 -0.11 0.19 -16.82 -262.94
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Barium and chromium leaching were enhanced, which was earlier explained as being the result of cement 

leaching. The only element derived from MSWI BA which showed an appreciable increase in leaching, is zinc, 

although still far under the legal limit.  
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5.3 Discussion 
5.3.1 Methods 
In this study, it was decided to keep a constant spread flow as a fixed parameter. Although the workability is 

an important characteristic of the fresh mortar and influences its strength development, it may be argued 

that the w/b ratio is even more important, since an abundance of water will lead to fast hydration of cement 

grains but also to a porous matrix when excess water evaporates. A shortage of water, on the other hand, 

may lead to improper hydration of cement grains. In either case, low strength development will be the result.  

Taking this into account, some differences between the performance of the five mortars may be explained 

by the different w/b ratios of CS25 and BACS25, it is therefore more advisable to keep a constant w/b ratio 

as a fixed parameter, since this is probably a more influential parameter than workability. 

Analysis of the environmental performance produced significant results, since the mortar leaching values 

for all PTEs evaluated were far below the legal limit, even in samples containing MSWI BA. Results of the 

analysis are not entirely comparable to the raw material leaching data presented for a variety of reasons,  

including a difference of PSD, but the results of the mortars may be viewed independently and do provide 

enough confidence in the utilisation of these materials. 

Results of the mechanical performance study may be correlated to results from the in-depth hydration study 

in order to find which analysis technique for hydration predicts best how strength will develop. The 

investigated hydration study parameters are structural water content, determined through TGA or SE, and 

portlandite content, determined through TGA or XRD. 

Compressive strength results are set out against structural water content in Figure 5.10 determined by 

thermal analysis and solvent exchange, respectively. It is apparent that the former predicts the com pressive 

strength much better than the latter, when the R2 values of both correlation trendlines are compared. This 

may be explained as a result of the sensitivity to errors made during the solvent exchange method, and it 

could be that correlation to strength development could be improved if this method is performed in 

triplicate for each paste. 

    

Figure 5.10 from left to right: Correlation of compressive strength of mortars with structural water content of pastes determined 

through a) thermal analysis and b) solvent exchange with weighing. 

Compressive strength correlations with CH content are given in Figure 5.11 for portlandite quantified by 

thermal analysis and XRD analysis, respectively. Although the portlandite quantification showed better 

robustness between the two methods, correlation with strength development is not high. Recalling the 

progress of CH generation for the R1 and R2 pastes, this is not a surprising result; some pastes showed a high 
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initial content of CH, which subsequently reduced to much lower values. Compared to this, strength 

development is far more linear, like the progression of structural water content. 

Moreover, pozzolanic behaviour consumes portlandite at later ages, thereby further decreasing the 

correlation between strength and portlandite content, since the former will increase whereas the latter 

decreases due to these reactions. It may therefore be concluded that structural water content is a better 

predictor of strength development, especially if determined by thermal analysis. 

    

Figure 5.11 from left to right: Correlation of compressive strength of mortars with portlandite content of pastes determined 

through a) thermal analysis and b) XRD analysis. 

5.3.2 Mechanical performance 
Water demand of the BA25 mortar was similar to the reference mortars, although demand of MSWI BA itself 

is much higher. This was explained as the result of the relatively small fraction of MSWI BA in the mortar 

compared to the fractions of cement, sand, and water, or of MSWI BA particles filling voids between cement 

particles. A similar result on workability was found by Zhang & Zhao (2014), who experienced only a minimal 

increase in water demand of the mortar. 

Mechanical performance of the BA25 mortar was characterised by an initial delay followed by slow but 

persistent increase of flexural and compressive strength, even beyond the inert reference, which indicated 

highly latent pozzolanic behaviour. The K factor results showed that while the inert reference levels off at a 

certain age, BA25 increases beyond the reference, although hydration is delayed to such an extent that the 

norm for pozzolanic materials is not reached (CEN, 2012). Academic literature on MSWI BA clearly states that 

pozzolanic reactions may indeed develop slowly (Filipponi et al., 2003; Wongsa et al., 2017), although several 

studies have found results which do match the standard for pozzolans already at 28 days.  

An earlier successful application is, for instance, the work of Bertolini et al. (2004), where a wet-ground 

bottom ash yielded a compressive strength at 28 days similar to the cement-only reference at a replacement 

rate of 30 wt.%. MSWI BA applied in their study had a silica content of 53% and sulphur content of 1.2% , 

which compares very well to, respectively, values of 47% and 1.1% in this research. The main difference 

appears to be the fineness, since MSWI BA applied in the current study has a d50 value of 12 µm, compared 

to 5 µm in the study of Bertolini et al. (2004). 

Another study applied a bottom ash fraction which was fully below 30 µm in PSD, which also provided 

sufficient results: a replacement ratio of 30 wt.% could lead to a K-factor of 0.80 at 28 days, which qualifies 

the bottom ash in this study as a pozzolanic material (T. Zhang & Zhao, 2014). It was noted that porosity was 
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decreased because secondary hydration products (from pozzolanic reactions) filled the voids of C-S-H 

produced by cement, an observation verified by other authors as well (Wongsa et al., 2017). 

In addition to slower hydration compared to other pastes, it is observed that BA25 forms a low density matrix 

which is likely to be porous due to the presence of excess water (better strength development could be 

reached at lower w/b ratios) and presence of low-density material in the bottom ashes. Previous research 

has indicated that the development of a low-porosity microstructure is paramount to the strength 

development of mortars containing bottom ash (Caprai et al., 2018), and it is doubtful whether BA25 is able 

to achieve this. 

The CS25 mortar was made with the optimal w/b ratio and demonstrated slow initial strength development, 

which was later compensated for by rapid strength development allowing the mortar to reach the 28-day  

standard and even surpass the cement reference at 182 days. These results verify the slow initial dissolution 

of CSS clinker phases and the strong latent hydraulic properties indicated by the hydration study. This leads 

to conclude that CSS is an effective additive for cementitious products, although its early age reactivity may 

still be enhanced to speed up reactivity and therefore allow higher replacement percentages of cement. 

Results achieved with 25% of CSS compare well to those of a previous study, where 30 wt.% of steel slag 

replaced cement in a mortar with a w/b ratio of 0.50 (Akin Altun & Yilmaz, 2002). These mortars could achieve 

a 28-day compressive strength of 45.8 MPa, which is very similar to the result of 45.0 MPa in this study.  

Despite the fact that the BACS25 mortar was made with the optimal w/b ratio, it showed a strength 

development which was closer to BA25 than to CS25, suggesting that the effect of MSWI BA on cement 

hydration is stronger than the effect of CSS, especially since bottom ash was lower in content by mass. The 

other explanation is that there is a negative interaction between the two materials, which was also suggested 

by the synergy calculation. Synergy even decreased with increasing curing age, due to the relatively rapid 

late-stage hydration of CS25 compared to the slow development of BACS25. 

An early study into the combination of CSS with a pozzolanic material (coal fly ash) yielded more positive 

results matching the pozzolanic activity standard (Xuequan et al., 1999). It must be noted, however, that 

compared to coal fly ash, MSWI BA is richer in sulphates and heavy metals, and much less pozzolanic, all of 

which negatively influence its behaviour in a cementitious matrix. 

5.3.3 Environmental performance 
As raw material, leaching concentrations from MSWI BA are higher than the legal limit for copper, 

molybdenum, antimony, chloride, and sulphate. Concentrations leaching from CSS are below the limit for 

all elements in question, although the leachate is rather alkaline (pH ≈ 13)  and may therefore still pose an 

environmental risk (Naidu et al., 2020). 

Leaching concentrations of all mortars were below the legal limits for all PTEs, regardless of the curing age,  

which is in line with results from other studies where MSWI BA was used in combination with cement, 

although some experienced enhanced leaching of chlorides (Caprai et al., 2018; Garcia-Lodeiro et al., 2016;  

Polettini et al., 2009). Concentrations of barium and chromium approached the limit, but these were shown 

to derive from cement and not from MSWI BA or CSS. The enhanced sulphate depletion peak in calorimetry 

indicates that sulphates from MSWI BA dissolve during hydration and may participate in hydration reactions 

such as the reaction of C3A into ettringite, which then stabilises the sulphates, although delaying hydration. 

Other PTEs may have been incorporated in the C-(A)-S-H gel formed during hydration. 

It was found that leaching of bottom ash was reduced mostly due to the dilution effect by other mortar 

ingredients, although solidification into the cementitious matrix was calculated to have an appreciable 

positive influence on copper, antimony, and sulphate leaching. 
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6 Conclusion 
 

MSWI BA and CSS are two industrial by-products which currently lack a high-grade application potential. In 

a novel approach to utilise these resources, a combination of these two materials was evaluated as a 

possible partial replacement for cement. If successful, this sustainable cementitious binder alternative could 

reduce the reliance on cement and increase the reuse of industrial by-products. An extensive study of these 

materials, including evaluation of hydration behaviour, strength development, and environmental 

performance, has led to the conclusion that these materials have individual properties detrimental to 

hydration, which cannot be overcome by their combination. 

Municipal solid waste incineration bottom ash  (MSWI BA) investigated in this research originated from a 

coarse size fraction and was found to have weak pozzolanic activity, owing to a relatively high content of 

amorphous silica originating from sources such as waste glass. The material was otherwise found to be of 

low density, being composed of lightweight particles with irregular shape and poor packing, and to leach 

considerable amounts of potentially toxic elements (PTEs), such as copper, molybdenum, antimony, 

chloride, and sulphate.  

Solubility of sulphates in the bottom ash, in particular, proved to impede proper hydration of binder pastes 

prepared with MSWI BA, since these delay reaction of the C3A clinker phase and therefore delay hydration. 

Furthermore, the pastes showed higher porosity which may have resulted from poor packing of MSWI BA 

grains. These negative effects could not be offset by the weak pozzolanic properties of MSWI BA, which were 

demonstrated only at the later stages of curing. 

Mortars prepared with MSWI BA experienced similar latent pozzolanic activity. Comparing results of the 

current study to successful applications in the scientific literature, leads to conclude that the bottom ash 

needs to be finer to increase the rate of pozzolanic reactivity or needs to be treated in such a way that more 

sulphates, and other content which delays hydration, are removed or stabilised. 

On the other hand, positive results for MSWI BA showed that despite its high water demand, the material did 

not require an excessive w/b ratio when used in a mortar, performing increasingly better at the lower w/b 

ratios which were tested. Increasing the fineness by wet-grinding is a successful pre-treatment which 

reduces metallic aluminium content to a sufficient level that no durability issues have to be expected in the 

application of bottom ash. 

Incorporation of MSWI BA into a cement matrix was also successful in mitigating the leaching of PTEs to such 

an extent that measured concentrations for all pollutants were lower than the Dutch legal limit. Although 

this is mostly ascribed to dilution of MSWI BA by the other constituents of the mortar, it was shown that 

solidification of PTEs into hydration products accounted for an appreciable part of copper, antimony, and 

sulphate binding. 

Converter steel slag (CSS) used in this work was found to consist mainly of iron and calcium, which made it 

a material with high density and basicity. The phase composition contained 33% of cement clinker phases,  

namely C2S and C4AF. These phases were, however, found to dissolve more slowly than clinker phases from 

cement, due to their dense structure. Slower dissolution of calcium therefore led to slow hydration of binder 

pastes with CSS, which agrees with contemporary literature on this material.  

Slow initial hydration was compensated for by a rapid late-stage increase in portlandite content, indicating 

a higher rate of reaction at later ages of curing, as well as a denser matrix compared to Portland cement. 

These features also established themselves in mortars prepared with CSS: strong latent hydraulic behaviour 

of the mortar with CSS proved sufficient to match and even surpass the reference consisting only of Portland 
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cement, which is a positive novelty regarding the application of CSS and kindles interest in research on 

enhancing the hydraulic behaviour of CSS.  

Combination of MSWI BA and CSS in binder pastes and mortars combined the negative influences of each 

material on the hydration of cement; several analysis methods indicated that hydration and strength 

development were both delayed, due to the presence of phases such as soluble sulphates, and diminished, 

due to the slow dissolution of CSS clinker phases. Further, it seemed that the unfavourable impacts of MSWI 

BA were dominant over the properties CSS added to the matrix, since compressive strength and density 

development were closer to the products containing MSWI BA individually than those containing CSS 

individually. 

Compressive strength results were accordingly lower than expected and remained just below the norm for 

pozzolanic materials at 28 days and 91 days. It can be concluded with some confidence that a synergetic  

effect between the two materials is absent: the latent cementitious property of CSS was unable to abate the 

delaying effects of MSWI BA, and, contrarily, the weak pozzolanic behaviour of MSWI BA was unable to 

mitigate the slow initial hydration of CSS. 

Most importantly, the lack of synergy can be explained by the fact that the weaknesses of both materials 

apply to the early stage of cement hydration and, moreover, both through different mechanisms. Combining 

the two materials therefore leads to a more pronounced weakness in the initial stage of hydration, which is  

not overcome by any latent hydraulic or pozzolanic behaviour. 
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7 Outlook and recommendations 
 

This study concludes on several negative and positive aspects of MSWI BA and CSS, which leads to several 

pragmatic implications and recommendations about the application of or future research into these 

materials. 

Incorporation of MSWI BA in cementitious products leads to several problems, which cannot be overcome 

by the combination with CSS. From this study, the following three aspects of MSWI BA are revealed as the 

main issues requiring further investigation: 

▪ Sulphate leaching considerably delays hydration behaviour. Additional pre-treatment steps such 

as washing or sodium (bi)carbonate leaching may mitigate this issue, as indicated in the literature 

review, but future research should investigate whether treating MSWI BA for sulphate leaching will 

sufficiently improve the material for use in cementitious products; 

▪ Low density of the material causes low strength development. Increasing burning time in the 

incinerator or improving the degree of packing of particles may enhance the density of MSWI BA, 

which could be evaluated by in future studies. 

▪ Organic content and leaching were not investigated in this study but may be connected to other 

negative aspects of MSWI BA such as density, compressive strength, and leaching, and should 

therefore be studied in further depth. 

One alternative for a future study, which also deals with the issue of sulphates, is to investigate the possibility  

of combining MSWI BA with cement clinker, before the addition of the gypsum as setting agent. Since MSWI 

BA functions as a copious source of sulphate, leaching from MSWI BA alone could theoretically provide 

enough to act as setting agent, while this method also accounts partially for the hydration delay caused by 

excessive sulphate leaching. 

Another recommendation would be to investigate the use of superplasticisers in MSWI BA-based mortars.  

The preliminary spread flow test indicated that better results of compressive strength could be achieved 

with lower w/b ratios in MSWI-BA based mortars, possibly since less porosity arises from excessive water.  

Workability was quite poor at such low w/b ratios, however, and may be enhanced using superplasticisers.  

Positive results about MSWI BA are related to its minimal effect on mortar workability and the successful 

stabilisation of PTEs in the cementitious matrix. This could provide input for future studies in the sense that 

these topics do not require further attention. 

CSS was shown to possess hydraulic properties that were strong enough to match those of cement itself in 

the later stages of curing. This may already provide more impetus to the application of CSS as it is currently 

produced, but the early-age properties of CSS may yet be improved to increase the rate of reaction and 

therefore allow higher replacement rates of cement. For this reason, future research may focus on methods 

of enhancing CSS reactivity, for instance by applying faster cooling processes to the molten slag.  
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9 Appendices 
Appendix I: Detailed description of TGA calculations 
Correction of the portlandite (CH) content in samples analysed by TGA is performed because some CH has 

carbonated into calcite (Cc) between solvent exchange and analysis, according to the reaction below.  

 Ca(OH)2  + CO2  → CaCO3  + H2O (A1) 

The method for correction is based on the assumption that Cc may be divided into two components: Cc rm 

which is calcite already present in the raw materials and Ccp which is calcite from carbonated hydration 

products. It is also assumed that Ccrm is inert during curing, and therefore remains as a constant amount. All 

excess Cc in the samples must then be Ccp and may be used to compute a correction for CH. This method is 

simplified in the diagram below. 

 

Step 1: Determination of Cc in raw materials 
The first step is to determine Ccrm of a sample, which may be calculated with the following formula: 

 CcRM  = f1 × Cc1 + f2 × Cc2 + ... + fn  × Ccn  Eq. A1 

In which f represents the mass contents of materials 1, 2, etc. in the sample, and Cc the individual calcium 

carbonate content of each material. Note also that mass contents are used, and these are not 0.75 and 0.25 

for the binder pastes, because these values only reflect the replacement by volume. The replacement by 

mass must be calculated with the density. 

Cc contents of the raw materials are taken from the TGA results in chapter 3 and not the XRD results. TGA is 

considered more reliable, because its results include crystalline and amorphous calcium carbonate,  

whereas XRD only quantifies the crystalline part. For coal fly ash an external source was consulted which 

estimated Cc content of fly ash to be 1.3 wt.% (Dos Santos et al., 2014). 

Step 2: Determination of correction 

Cc decomposes upon heating into calcium oxide and carbon dioxide, as follows: 

 CaCO3  → CaO + CO2 (A2) 

Thermal analysis records a mass loss of the sample due to the evaporated carbon dioxide, so the mass loss 

determined is a carbon dioxide mass loss. Moreover, thermal analysis presents the lost mass as a percentage 

of original mass. The next step is to convert this into an absolute mass loss, using the initial sample mass 

(note that carbon dioxide is abbreviated as c): 

 mc,CC  = c,CC% × msample  Eq. A2 

Note that carbon dioxide is abbreviated as c, and the formula furthermore contains m c,CC which is the loss of 

carbon dioxide expressed as mass, c,CC% which is the loss of carbon dioxide expressed as percentage, and 
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msample which is the sample mass before heating. Like the content of Cc in the sample, the evaporated carbon 

dioxide consists of one part originating from raw materials and one part from carbonated CH. The former 

may be quantified as follows, using the stoichiometry of reaction (A2): 

 
mc,CCrm

 = CcRM × 
Mc

MCc
 Eq. A3 

In which mc,CCrm
 is the mass loss of carbon dioxide due to raw material Cc and Mc and MCc are the molar 

masses of carbon dioxide and calcium carbonate, respectively. Next, the mass loss of carbon dioxide due to 

carbonated CH is easily computed as: 

 mc,CCp
 = mc,CC  ⎼ mc,CCrm

 Eq. A4 

This result is the basis of the CH correction, and is converted first into mass of calcium carbonate and then 

calcium hydroxide using the stoichiometry in reactions (A2) and (A1), according to the formula: 

 
mCH,CCp

 = mc,CCp
 × 

MCc

Mc
 × 

MCH

MCc
 Eq. A5 

Which uses the molar mass of calcium hydroxide (MCH) in addition to the molar masses of calcium carbonate 

and carbon dioxide. This result is the CH correction which is to be applied.  

Step 3: Determination of observed CH 

Meanwhile, the observed mass of CH in the sample must be determined, which is the uncarbonated CH.  

Upon heating, calcium hydroxide dehydroxylates according to the following formula:  

 Ca(OH)2  → CaO + H2O (A3) 

Thermal analysis records mass loss due to evaporated water, and this mass loss may be converted into mass 

of CH using equations similar to Eq. A2 and A3: 

 mH,CH  = H,CH% × msample  Eq. A6 

Note that water is abbreviated as H, and the formula furthermore contains contains mH,CH which is the loss 

of water expressed as mass, H,CH% which is the loss of water expressed as percentage, and msample which is 

the sample mass before heating. 

 
mCH  = mH,CH  × 

MCH

MH
 Eq. A7 

In which mCH is the observed mass of CH in the sample, or, in other words, the uncorrected mass of CH. 

Step 4: Determination of corrected CH as content 

To determine the corrected mass of CH in the sample, simply the results from Step 2 and Step 3 need to be 

added, as is shown below: 

 mCH,corr  = mCH  + mCH,CCp
 Eq. A8 

This value indicates only the absolute mass of CH in the sample of hydrated binder and must be reverted 

back to percentage content, to be comparable to other samples. The content is presented on a fresh paste 

basis, meaning that the denominator includes the dry binder powder and all water added, which is a method 

of expressing content as suggested in academic literature (Lothenbach et al., 2016). 

Normally, the dry mass of the sample is used in this calculation, which is determined at 550 or 600°C. In this 

case, however, the mass at 1000°C should be used, because part of the hydration water is reflected in the 

mass loss of calcium carbonate, which decomposes beyond 600°C. The final mass at 1000°C is used, 

therefore, but is corrected in two ways: 
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- For all samples, the only significant mass loss apart from phases containing hydration water, is from 

the decomposition of Cc in raw material. This contribution in terms of CO2 mass loss has already 

been quantified in Eq. A3, however, and can therefore easily be added; 

- For all samples with MSWI BA, the assumption that there is no other significant mass loss from raw 

materials does not hold, since there is a large background mass loss of 5.6 wt.% in MSWI BA itself.  

The final mass is adjusted for this background mass loss at the rate of MSWI BA content in the 

samples. 

Using the corrected final mass leads to the following expression to determine the corrected CH content: 

 
CH% = 

mCH,corr

m1000°C,corr  × (1 + w/b ratio)
 Eq. A9 
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Appendix II: Raw material XRD scans and TGA curves 

MSWI BA 

Phases are indicated by abbreviation: Q = quartz (SiO 2), C = calcite (CaCO3), W = wuestite (FeO), M = magnetite 

(Fe3O4), D = diopside (CaMgSi2O6), Å = åkermanite (Ca2MgSi2O7), S = silicon (internal standard). 
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CSS 

Phases are indicated by abbreviation: α-C2S = dicalcium silicate, β-C2S = dicalcium silicate (larnite), C4AF = 

tetracalcium aluminoferrite (brownmillerite), W = wuestite (FeO), M = magnetite (Fe3O4), Q = quartz (SiO2), S 

= silicon (internal standard). 
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Quartz 

Phases are indicated by abbreviation: Q = quartz (SiO 2), N = sodalite (Na8Al6Si6O24Cl2), T = rutile (TiO2), S = 

silicon (internal standard). 
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Appendix III: Binder paste TGA curves 

R1 paste 

 

R2 paste 
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BA25 paste 

 

CS25 paste 

 

  

0 200 400 600 800 1000

70

75

80

85

90

95

100

105

Temperature [°C]

M
a

ss
 [%

]

BA25 TGA curves

BA25-7 BA25-14 BA25-28 BA25-56 BA25-91 BA25-182

0 200 400 600 800 1000

70

75

80

85

90

95

100

105

Temperature [°C]

M
a

ss
 [%

]

CS25 TGA curves

CS25-7 CS25-14 CS25-28 CS25-56 CS25-91 CS25-182



92 

 

BACS25 paste 
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Appendix IV: Binder paste XRD scans 

R1 paste 

Phases are indicated by abbreviation: CS = calcium silicate (C2S or C3S), B = brownmillerite (C4AF), P = 

portlandite (CH), C = calcite, E = ettringite (AFt), H = hemicarbonate, Q = quartz, S = silicon (internal standard).  
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R2 paste 

Phases are indicated by abbreviation: CS = calcium silicate (C2S or C3S), B = brownmillerite (C4AF), P = 

portlandite (CH), C = calcite, E = ettringite (AFt), H = hemicarbonate, Q = quartz, S = silicon (internal standard).  
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BA25 paste 

Phases are indicated by abbreviation: CS = calcium silicate (C2S or C3S), B = brownmillerite (C4AF), P = 

portlandite (CH), C = calcite, E = ettringite (AFt), H = hemicarbonate, D = diopside, M = magnetite, Q = quartz,  

S = silicon (internal standard). 

 

  

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

In
te

ns
it

y

2θ [°]

XRD scans of BA25 paste

7 days 14 days 28 days 56 days 182 days

S
P

P

P

P P PP

P

Q
Q Q

CS

B

B

B

E
E

D

DC C

C
H

CS

CS S

S

S

Q
CS

M

CS
PQ



96 

 

CS25 paste 

Phases are indicated by abbreviation: CS = calcium silicate (C2S or C3S), B = brownmillerite (C4AF), P = 

portlandite (CH), C = calcite, E = ettringite (AFt), H = hemicarbonate, W = wuestite, M = magnetite, S = silicon 

(internal standard). 
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BACS25 paste 

Phases are indicated by abbreviation: CS = calcium silicate (C2S or C3S), B = brownmillerite (C4AF), P = 

portlandite (CH), C = calcite, E = ettringite (AFt), H = hemicarbonate, W = wuestite, M = magnetite, D = 

diopside, Q = quartz, S = silicon (internal standard). 
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Appendix V: Binder paste phase composition tables 

R1 paste 

  

Phases

Dry binder Fresh paste

Amorphous 24.32 16.22

C₂S (beta) 6.24 4.16

C₃S 49.54 33.03

C₃A 0.81 0.54

C₄AF 6.33 4.22

Anhydrite 3.42 2.28

Calcite 2.56 1.71

Albite 1.63 1.09

Perovskite 1.57 1.04

Ringwoodite 1.09 0.73

Periclase 1.10 0.74

Portlandite 0.81 0.54

Quartz 0.59 0.39

Water 33.33

Unhydrated [wt.%] Phases

7 days 14 days 28 days 56 days 182 days

Amorphous 55.47 61.95 64.57 59.42 61.65

C₂S (beta) 3.61 3.20 3.03 3.20 2.10

C₃S 8.19 8.40 8.18 7.03 4.98

C₄AF 3.42 3.25 3.28 3.70 3.33

Calcite 0.98 0.57 0.56 0.72 1.67

Portlandite 7.37 4.68 4.87 10.21 10.73

Ettringite 0.83 0.00 0.00 1.87 2.78

Hemicarbonate 0.59 0.39 0.32 0.51 2.66

Perovskite 0.31 0.80 0.71 0.31 0.02

Periclase 0.36 0.36 0.37 0.26 0.35

Quartz 0.13 0.10 0.11 0.09 0.14

Water 18.73 16.29 14.02 12.67 9.60

Error 0.70 0.70 0.62 0.85 0.85

Hydrated pastes [wt.%]
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R2 paste 

  

Phases

Dry binder Fresh paste

Amorphous 21.29 14.19

C₂S (beta) 4.81 3.21

C₃S 38.20 25.46

C₃A 0.63 0.42

C₄AF 4.88 3.25

Anhydrite 2.64 1.76

Calcite 1.97 1.32

Albite 1.26 0.84

Perovskite 1.21 0.80

Ringwoodite 0.84 0.56

Periclase 0.85 0.57

Portlandite 0.63 0.42

Quartz 20.25 13.50

Rutile 0.20 0.13

Sodalite 0.37 0.24

Water 33.33

Unhydrated [wt.%] Phases

7 days 14 days 28 days 56 days 182 days

Amorphous 49.62 55.83 58.83 52.55 53.61

C₂S (beta) 3.14 2.84 2.40 2.42 1.56

C₃S 4.80 4.19 3.50 3.18 2.41

C₄AF 2.79 3.16 2.74 3.12 2.46

Calcite 0.58 0.31 0.31 0.88 1.04

Portlandite 6.74 3.69 4.06 9.80 8.79

Ettringite 0.00 0.00 0.00 0.87 1.95

Hemicarbonate 1.10 0.69 0.85 1.02 3.19

Perovskite 0.29 0.36 0.40 0.19 0.01

Periclase 0.22 0.20 0.19 0.08 0.08

Quartz 9.26 8.46 8.75 11.02 10.00

Water 21.46 20.26 17.99 14.88 14.90

Error 1.01 1.00 1.06 1.25 1.08

Hydrated pastes [wt.%]
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BA25 paste 

  

Phases

Dry binder Fresh paste

Amorphous 34.72 23.15

C₂S (beta) 5.02 3.35

C₃S 39.88 26.59

C₃A 0.66 0.44

C₄AF 5.09 3.40

Anhydrite 2.76 1.84

Calcite 2.54 1.69

Albite 1.47 0.98

Perovskite 1.26 0.84

Ringwoodite 0.88 0.59

Periclase 0.89 0.59

Portlandite 0.66 0.44

Quartz 1.61 1.07

Cristobalite 0.04 0.03

Magnetite 0.48 0.32

Wuestite 0.25 0.17

Akermanite 0.52 0.35

Diopside 1.14 0.76

Halite 0.15 0.10

Water 33.33

Unhydrated [wt.%] Phases

7 days 14 days 28 days 56 days 182 days

Amorphous 62.72 64.80 65.30 59.17 56.25

C₂S (beta) 2.88 2.86 2.84 3.65 3.41

C₃S 4.11 3.53 3.06 3.58 3.12

C₄AF 3.71 3.75 3.41 2.34 2.47

Calcite 0.19 0.26 0.39 2.12 1.97

Portlandite 3.04 4.13 4.43 7.14 6.71

Ettringite 0.00 0.00 0.00 0.25 0.45

Hemicarbonate 0.34 0.48 0.62 2.64 3.36

Quartz 0.54 0.63 0.67 0.71 0.73

Cristobalite 0.09 0.09 0.11 0.13 0.12

Magnetite 0.22 0.23 0.25 0.03 0.06

Wuestite 0.14 0.13 0.11 0.28 0.34

Akermanite 0.38 0.46 0.49 0.66 0.63

Diopside, ferroan 1.08 1.45 1.64 4.44 4.87

Albite 0.13 0.11 0.10 0.09 0.15

Water 20.42 17.09 16.59 12.76 15.37

Error 0.61 0.62 0.63 1.18 1.34

Hydrated pastes [wt.%]
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CS25 paste 

  

Phases

Dry binder Fresh paste

Amorphous 29.22 20.51

C₂S (alpha) 2.92 2.05

C₂S (beta) 7.95 5.58

C₃S 32.73 22.96

C₃A 0.54 0.38

C₄AF 8.36 5.87

Anhydrite 2.26 1.59

Calcite 1.69 1.19

Albite 1.08 0.76

Perovskite 1.03 0.73

Ringwoodite 0.72 0.51

Periclase 0.73 0.51

Portlandite 0.54 0.38

Quartz 0.39 0.27

Magnetite 1.33 0.94

Mg-Wuestite 7.50 5.26

Fe-Wuestite 1.02 0.72

Water 29.82

Unhydrated [wt.%] Phases

7 days 14 days 28 days 56 days 182 days

Amorphous 56.37 57.76 64.64 53.08 52.45

C₂S (alpha) 0.79 0.34 0.00 0.41 0.34

C₂S (beta) 5.05 5.44 3.48 4.36 3.38

C₃S 3.95 4.11 3.28 4.41 3.74

C₄AF 5.25 6.12 4.33 5.74 5.76

Calcite 0.02 0.02 0.13 1.40 1.00

Portlandite 2.60 3.07 3.51 8.84 9.26

Ettringite 0.14 0.16 0.08 1.37 1.03

Hemicarbonate 0.01 0.09 0.17 1.93 2.07

Perovskite 0.01 0.04 0.00 0.00 0.02

Magnetite 0.73 0.88 0.57 1.33 1.49

Mg-Wuestite 4.32 4.66 2.91 3.97 4.43

Fe-Wuestite 0.88 0.75 0.05 2.35 2.63

Water 19.88 16.56 16.85 10.81 12.41

Error 1.37 1.34 0.90 2.34 2.93

Hydrated pastes [wt.%]
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BACS25 paste 

Phases

Dry binder Fresh paste

Amorphous 31.70 21.86

C₂S (alpha) 1.61 1.11

C₂S (beta) 6.63 4.57

C₃S 35.95 24.79

C₃A 0.59 0.41

C₄AF 6.89 4.75

Anhydrite 2.48 1.71

Calcite 2.07 1.43

Albite 1.26 0.87

Perovskite 1.14 0.78

Ringwoodite 0.79 0.55

Periclase 0.80 0.55

Portlandite 0.59 0.41

Quartz 0.94 0.65

Cristobalite 0.02 0.01

Magnetite 0.95 0.65

Mg-Wuestite 4.12 2.84

Fe-Wuestite 0.67 0.47

Akermanite 0.23 0.16

Diopside 0.52 0.36

Halite 0.07 0.05

Water 31.03

Unhydrated [wt.%] Phases

7 days 14 days 28 days 56 days 182 days

Amorphous 56.88 58.33 54.32 48.75 51.38

C₂S (alpha) 1.98 2.37 2.86 1.06 1.06

C₂S (beta) 3.43 4.16 4.75 1.35 1.17

C₃S 4.88 4.46 2.76 7.08 5.69

C₄AF 4.93 5.49 6.95 5.59 5.83

Calcite 0.36 0.46 0.51 1.41 1.10

Portlandite 2.21 3.01 3.22 9.16 8.72

Ettringite 0.00 0.00 0.00 0.78 0.47

Hemicarbonate 0.38 0.52 0.56 3.64 3.49

Quartz 0.31 0.39 0.13 0.40 0.45

Cristobalite 0.02 0.02 0.00 0.03 0.02

Magnetite 0.51 0.64 0.78 0.65 0.65

Fe-Wuestite 2.38 3.10 4.88 3.21 3.51

Akermanite 0.33 0.38 0.27 0.25 0.37

Diopside, ferroan 1.32 1.77 1.83 2.51 2.65

Albite 0.30 0.34 0.33 0.20 0.18

Iowaite 0.19 0.26 0.30 1.32 1.08

Water 19.60 14.30 15.54 12.61 12.16

Error 0.76 0.80 0.95 1.28 1.20

Hydrated pastes [wt.%]
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Appendix VI: Mechanical performance results 

Flexural strength 

 

Compressive strength 

 

Envelope density 

 

Note: several measurements of envelope density were not performed. 

  

Age

R1 R2 BA25 CS25 BACS25

1 day 4.67 1.78 1.50 2.37 1.74

7 days 8.63 7.19 6.18 7.26 6.45

14 days 8.25 6.57 6.28 7.99 7.23

28 days 9.43 7.58 7.12 7.53 7.29

56 days 7.99 7.08 7.39 7.25 6.70

91 days 7.68 6.95 7.30 8.10 7.18

182 days 8.55 6.44 7.34 7.72 6.97

Flexural strength [MPa]

Age

R1 R2 BA25 CS25 BACS25

1 day 16.34 5.48 3.89 6.35 4.60

7 days 41.80 28.60 23.19 32.10 25.43

14 days 44.66 29.30 28.63 37.53 31.32

28 days 48.79 33.66 34.08 44.98 36.29

56 days 48.53 40.26 35.07 44.69 37.23

91 days 51.09 38.34 38.39 51.74 44.12

182 days 57.05 40.35 43.74 57.83 45.22

Compressive strength [MPa]

Age

R1 R2 BA25 CS25 BACS25

1 day - - - - 2.19

7 days 2.27 - 2.13 2.27 2.19

14 days 2.28 2.23 2.14 2.26 2.19

28 days 2.25 2.25 2.15 2.27 2.21

56 days 2.25 2.23 2.14 2.26 2.18

91 days - - - - -

182 days 2.26 2.24 2.13 2.28 2.20

Envelope density [g/cm³]
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Appendix VII: Leaching tables of raw materials and mortars 
Leaching of elements without legal limit from raw materials. 

 

  

CEM-I            

[mg/kg d.s.]

MSWI BA     

[mg/kg d.s.]

CSS          

[mg/kg d.s.]

Quartz    

[mg/kg d.s.]

ICP analysis

Silver (Ag) 0.00 0.00 0.00 0.00

Aluminium (Al) 0.06 347.95 28.29 232.89

Boron (B) 0.07 6.98 0.30 0.87

Beryllium (Be) 0.00 0.00 0.00 0.00

Bismuth (Bi) 0.02 0.00 0.05 0.01

Iron (Fe) 0.00 0.15 21.12 0.21

Gallium (Ga) 0.54 0.27 0.01 1.27

Indium (In) 0.03 0.02 0.00 0.00

Lithium (Li) 6.15 1.54 0.23 0.14

Magnesium (Mg) 0.57 17.05 21.99 0.48

Manganese (Mn) 0.00 0.05 0.58 0.01

Strontium (Sr) 106.54 11.43 0.87 3.97

Titanium (Ti) 0.14 0.14 0.52 0.14

IC analysis - anions

Nitrate (NO₃⁻) 45.8 53.8 5.9 6.1

IC analysis - cations

Calcium (Ca²⁺) 1419.6 3658.5 48.6 44.4

Potassium (K⁺) 3108.3 336.4 8.5 52.1

Sodium (Na⁺) 8909.8 2862.1 1533.2 81.7

pH of leachate 13.6 11.4 12.9 10.3

Raw materials
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Leaching of elements with legal limit from the R1 mortar 

 

Leaching of elements without legal limit from the R1 mortar 

 

 

7-days            

[mg/kg d.s.]

14-days     

[mg/kg d.s.]

28-days          

[mg/kg d.s.]

56-days     

[mg/kg d.s.]

182-days          

[mg/kg d.s.]

Legal limit 

[mg/kg d.s.]

ICP analysis

Arsenic (As) 0.04 0.04 0.05 0.07 0.06 0.90

Barium (Ba) 13.17 12.81 11.40 15.62 10.39 22.00

Cadmium (Cd) 0.00 0.00 0.00 0.00 0.00 0.04

Cobalt (Co) 0.01 0.01 0.01 0.01 0.01 0.54

Chromium (Cr) 0.50 0.39 0.37 0.31 0.48 0.63

Copper (Cu) 0.04 0.04 0.14 0.14 0.07 0.90

Molybdenum (Mo) 0.08 0.06 0.05 0.02 0.04 1.00

Nickel (Ni) 0.00 0.00 0.00 0.00 0.00 0.44

Lead (Pb) 0.00 0.01 0.02 0.07 0.00 2.30

Antimony (Sb) 0.01 0.04 0.02 0.02 0.02 0.32

Selenium (Se) 0.07 0.07 0.07 0.11 0.09 0.15

Vanadium (V) 0.00 0.00 0.01 0.00 0.00 1.80

Zinc (Zn) 0.03 0.08 0.10 0.12 0.12 4.50

IC analysis

Chloride (Cl⁻) 52.2 47.2 32.4 234.5 34.3 616

Sulphate (SO₄²⁻) 36.1 37.3 26.4 38.7 42.8 1730

pH of leachate [-] 12.8 13.5 12.8 12.5 12.5

R1

7-days            

[mg/kg d.s.]

14-days     

[mg/kg d.s.]

28-days          

[mg/kg d.s.]

56-days     

[mg/kg d.s.]

182-days          

[mg/kg d.s.]

ICP analysis

Silver (Ag) 0.00 0.00 0.00 0.09 0.00

Aluminium (Al) 0.43 0.59 1.61 1.02 0.52

Boron (B) 0.05 0.05 0.04 0.06 0.04

Beryllium (Be) 0.00 0.00 0.00 0.00 0.00

Bismuth (Bi) 0.01 0.01 0.01 0.48 0.45

Iron (Fe) 0.07 0.07 0.46 0.08 0.13

Gallium (Ga) 0.21 0.21 0.20 0.03 0.01

Indium (In) 0.01 0.00 0.01 0.00 0.00

Lithium (Li) 1.79 2.23 2.13 3.96 2.22

Magnesium (Mg) 0.31 0.47 1.01 0.50 0.89

Manganese (Mn) 0.00 0.01 0.02 0.02 0.01

Strontium (Sr) 44.95 44.75 40.65 82.06 62.03

Titanium (Ti) 0.14 0.14 0.18 0.01 0.01

IC analysis - anions

Nitrate (NO₃⁻) 2.3 2.0 0.6 1.5 1.4

IC analysis - cations

Calcium (Ca²⁺) 6963.8 5469.3 7095.4 6093.2 23.1

Potassium (K⁺) 593.7 598.7 708.8 827.7 590.5

Sodium (Na⁺) 378.3 378.4 435.6 474.1 379.3

pH of leachate [-] 12.8 13.5 12.8 12.5 12.5

R1
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Leaching of elements with legal limit from the R2 mortar 

 

Leaching of elements without legal limit from the R2 mortar 

 

  

7-days            

[mg/kg d.s.]

14-days     

[mg/kg d.s.]

28-days          

[mg/kg d.s.]

56-days     

[mg/kg d.s.]

182-days          

[mg/kg d.s.]

Legal limit 

[mg/kg d.s.]

ICP analysis

Arsenic (As) 0.05 0.04 0.04 0.05 0.05 0.90

Barium (Ba) 11.75 11.73 12.33 16.88 11.93 22.00

Cadmium (Cd) 0.00 0.00 0.00 0.00 0.00 0.04

Cobalt (Co) 0.01 0.01 0.01 0.01 0.00 0.54

Chromium (Cr) 0.40 0.56 0.61 0.36 0.54 0.63

Copper (Cu) 0.04 0.05 0.10 0.13 0.09 0.90

Molybdenum (Mo) 0.06 0.09 0.08 0.02 0.05 1.00

Nickel (Ni) 0.00 0.00 0.00 0.00 0.00 0.44

Lead (Pb) 0.00 0.01 0.00 0.00 0.00 2.30

Antimony (Sb) 0.02 0.02 0.01 0.02 0.01 0.32

Selenium (Se) 0.07 0.06 0.06 0.10 0.10 0.15

Vanadium (V) 0.00 0.00 0.01 0.00 0.00 1.80

Zinc (Zn) 0.06 0.04 0.06 0.10 0.12 4.50

IC analysis

Chloride (Cl⁻) 53.0 56.4 35.4 137.0 34.2 616

Sulphate (SO₄²⁻) 33.9 44.8 29.9 38.2 37.0 1730

pH of leachate [-] 12.9 13.5 12.7 12.6 12.5

R2

7-days            

[mg/kg d.s.]

14-days     

[mg/kg d.s.]

28-days          

[mg/kg d.s.]

56-days     

[mg/kg d.s.]

182-days          

[mg/kg d.s.]

ICP analysis

Silver (Ag) 0.00 0.00 0.00 0.04 0.00

Aluminium (Al) 1.25 0.15 0.45 1.00 0.66

Boron (B) 0.04 0.05 0.04 0.05 0.04

Beryllium (Be) 0.00 0.00 0.00 0.00 0.00

Bismuth (Bi) 0.00 0.02 0.01 0.44 0.46

Iron (Fe) 0.34 0.02 0.11 0.05 0.19

Gallium (Ga) 0.20 0.20 0.20 0.01 0.00

Indium (In) 0.01 0.03 0.02 0.00 0.00

Lithium (Li) 2.13 1.75 1.74 3.26 1.91

Magnesium (Mg) 0.43 0.42 0.85 0.75 0.97

Manganese (Mn) 0.01 0.00 0.01 0.01 0.01

Strontium (Sr) 41.32 40.36 41.78 83.40 65.25

Titanium (Ti) 0.17 0.14 0.15 0.01 0.02

IC analysis - anions

Nitrate (NO₃⁻) 2.3 3.3 0.9 1.3 1.9

IC analysis - cations

Calcium (Ca²⁺) 6205.6 7057.3 7107.3 5934.5 5483.5

Potassium (K⁺) 592.8 557.8 573.1 657.3 488.8

Sodium (Na⁺) 386.0 375.9 372.5 342.8 318.4

pH of leachate [-] 12.9 13.5 12.7 12.6 12.5

R2
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Leaching of elements with legal limit from the BA25 mortar 

 

Leaching of elements without legal limit from the BA25 mortar 

 

  

7-days            

[mg/kg d.s.]

14-days     

[mg/kg d.s.]

28-days          

[mg/kg d.s.]

56-days     

[mg/kg d.s.]

182-days          

[mg/kg d.s.]

Legal limit 

[mg/kg d.s.]

ICP analysis

Arsenic (As) 0.04 0.04 0.05 0.06 0.05 0.90

Barium (Ba) 16.00 16.08 17.29 20.09 12.48 22.00

Cadmium (Cd) 0.00 0.00 0.00 0.00 0.00 0.04

Cobalt (Co) 0.01 0.01 0.01 0.01 0.01 0.54

Chromium (Cr) 0.50 0.37 0.45 0.26 0.29 0.63

Copper (Cu) 0.23 0.20 0.34 0.11 0.09 0.90

Molybdenum (Mo) 0.22 0.18 0.19 0.14 0.31 1.00

Nickel (Ni) 0.02 0.00 0.01 0.01 0.01 0.44

Lead (Pb) 0.02 0.00 0.13 0.03 0.03 2.30

Antimony (Sb) 0.03 0.03 0.02 0.01 0.03 0.32

Selenium (Se) 0.07 0.07 0.08 0.10 0.13 0.15

Vanadium (V) 0.01 0.02 0.01 0.00 0.00 1.80

Zinc (Zn) 0.28 0.14 0.34 0.10 0.11 4.50

IC analysis

Chloride (Cl⁻) 112.8 90.0 87.6 133.9 184.0 616

Sulphate (SO₄²⁻) 37.9 33.8 30.6 43.9 46.6 1730

pH of leachate [-] 13.5 13.3 12.6 12.6 12.5

BA25

7-days            

[mg/kg d.s.]

14-days     

[mg/kg d.s.]

28-days          

[mg/kg d.s.]

56-days     

[mg/kg d.s.]

182-days          

[mg/kg d.s.]

ICP analysis

Silver (Ag) 0.00 0.00 0.00 0.01 0.02

Aluminium (Al) 4.53 1.26 5.44 1.72 0.75

Boron (B) 0.10 0.06 0.09 0.06 0.03

Beryllium (Be) 0.00 0.00 0.00 0.00 0.00

Bismuth (Bi) 0.01 0.02 0.03 0.43 0.42

Iron (Fe) 3.27 0.79 3.66 0.06 0.07

Gallium (Ga) 0.19 0.19 0.20 0.01 0.01

Indium (In) 0.02 0.04 0.01 0.00 0.00

Lithium (Li) 2.06 2.09 2.26 3.60 2.39

Magnesium (Mg) 2.29 0.72 2.65 0.52 0.60

Manganese (Mn) 0.13 0.12 0.15 0.02 0.02

Strontium (Sr) 38.30 38.48 39.70 66.14 41.63

Titanium (Ti) 0.41 0.17 0.46 0.01 0.01

IC analysis - anions

Nitrate (NO₃⁻) 2.4 3.2 1.1 1.7 1.9

IC analysis - cations

Calcium (Ca²⁺) 7329.6 5885.4 4737.2 4218.3 4512.4

Potassium (K⁺) 616.6 650.3 620.3 747.0 603.9

Sodium (Na⁺) 551.0 603.0 651.7 735.8 1073.9

pH of leachate [-] 13.5 13.3 12.6 12.6 12.5

BA25
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Leaching of elements with legal limit from the CS25 mortar 

 

Leaching of elements without legal limit from the CS25 mortar 

 

  

7-days            

[mg/kg d.s.]

14-days     

[mg/kg d.s.]

28-days          

[mg/kg d.s.]

56-days     

[mg/kg d.s.]

182-days          

[mg/kg d.s.]

Legal limit 

[mg/kg d.s.]

ICP analysis

Arsenic (As) 0.04 0.05 0.04 0.07 0.06 0.90

Barium (Ba) 10.25 9.33 9.47 14.96 8.43 22.00

Cadmium (Cd) 0.00 0.00 0.00 0.00 0.00 0.04

Cobalt (Co) 0.01 0.01 0.01 0.01 0.00 0.54

Chromium (Cr) 0.29 0.21 0.26 0.20 0.15 0.63

Copper (Cu) 0.06 0.17 0.15 0.12 0.04 0.90

Molybdenum (Mo) 0.08 0.09 0.08 0.03 0.04 1.00

Nickel (Ni) 0.01 0.00 0.00 0.00 0.00 0.44

Lead (Pb) 0.01 0.18 0.03 0.01 0.01 2.30

Antimony (Sb) 0.02 0.02 0.03 0.01 0.03 0.32

Selenium (Se) 0.07 0.08 0.07 0.10 0.09 0.15

Vanadium (V) 0.11 0.06 0.03 0.01 0.03 1.80

Zinc (Zn) 0.13 0.33 0.08 0.09 0.13 4.50

IC analysis

Chloride (Cl⁻) 45.9 45.0 36.2 83.8 239.7 616

Sulphate (SO₄²⁻) 34.6 29.3 30.1 42.6 37.2 1730

pH of leachate [-] 13.5 13.3 12.5 12.6 12.6

CS25

7-days            

[mg/kg d.s.]

14-days     

[mg/kg d.s.]

28-days          

[mg/kg d.s.]

56-days     

[mg/kg d.s.]

182-days          

[mg/kg d.s.]

ICP analysis

Silver (Ag) 0.00 0.00 0.00 0.02 0.13

Aluminium (Al) 3.00 3.07 0.56 1.15 0.55

Boron (B) 0.07 0.07 0.05 0.04 0.04

Beryllium (Be) 0.00 0.00 0.00 0.00 0.00

Bismuth (Bi) 0.01 0.05 0.01 0.42 0.44

Iron (Fe) 3.55 2.43 0.10 0.14 0.10

Gallium (Ga) 0.19 0.17 0.18 0.01 0.00

Indium (In) 0.02 0.01 0.00 0.00 0.00

Lithium (Li) 1.46 1.42 1.45 2.72 1.39

Magnesium (Mg) 1.85 2.38 0.97 0.57 0.64

Manganese (Mn) 0.35 0.22 0.01 0.01 0.01

Strontium (Sr) 36.62 34.30 36.11 75.09 49.54

Titanium (Ti) 0.40 0.32 0.15 0.01 0.01

IC analysis - anions

Nitrate (NO₃⁻) 2.5 2.2 1.0 1.9 1.4

IC analysis - cations

Calcium (Ca²⁺) 7614.7 6558.2 7140.9 6118.6 5792.6

Potassium (K⁺) 553.2 531.2 566.3 684.8 438.2

Sodium (Na⁺) 365.8 342.9 384.4 314.2 406.2

pH of leachate [-] 13.5 13.3 12.5 12.6 12.6

CS25
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Leaching of elements with legal limit from the BACS25 mortar 

 

Leaching of elements without legal limit from the BACS25 mortar 

 

7-days            

[mg/kg d.s.]

14-days     

[mg/kg d.s.]

28-days          

[mg/kg d.s.]

56-days     

[mg/kg d.s.]

182-days          

[mg/kg d.s.]

Legal limit 

[mg/kg d.s.]

ICP analysis

Arsenic (As) 0.04 0.04 0.05 0.04 0.06 0.90

Barium (Ba) 12.90 13.68 13.09 17.40 12.51 22.00

Cadmium (Cd) 0.00 0.00 0.00 0.00 0.00 0.04

Cobalt (Co) 0.01 0.01 0.01 0.01 0.01 0.54

Chromium (Cr) 0.27 0.38 0.34 0.16 0.29 0.63

Copper (Cu) 0.06 0.24 0.14 0.10 0.09 0.90

Molybdenum (Mo) 0.13 0.11 0.12 0.06 0.14 1.00

Nickel (Ni) 0.01 0.03 0.01 0.01 0.00 0.44

Lead (Pb) 0.00 0.05 0.05 0.01 0.00 2.30

Antimony (Sb) 0.02 0.02 0.02 0.00 0.01 0.32

Selenium (Se) 0.07 0.07 0.07 0.10 0.12 0.15

Vanadium (V) 0.01 0.21 0.04 0.00 0.01 1.80

Zinc (Zn) 0.05 0.46 0.08 0.09 0.14 4.50

IC analysis

Chloride (Cl⁻) 62.9 69.8 58.9 84.9 170.3 616

Sulphate (SO₄²⁻) 30.6 36.1 33.1 40.7 38.8 1730

pH of leachate [-] 13.5 13.2 12.5 12.6 12.6

BACS25

7-days            

[mg/kg d.s.]

14-days     

[mg/kg d.s.]

28-days          

[mg/kg d.s.]

56-days     

[mg/kg d.s.]

182-days          

[mg/kg d.s.]

ICP analysis

Silver (Ag) 0.00 0.00 0.00 0.00 0.05

Aluminium (Al) 0.66 9.12 0.91 1.50 0.47

Boron (B) 0.05 0.10 0.05 0.05 0.04

Beryllium (Be) 0.00 0.00 0.00 0.00 0.00

Bismuth (Bi) 0.01 0.01 0.01 0.42 0.40

Iron (Fe) 0.04 10.32 1.18 0.19 0.07

Gallium (Ga) 0.20 0.19 0.19 0.02 0.00

Indium (In) 0.01 0.00 0.02 0.00 0.00

Lithium (Li) 1.70 1.79 1.85 3.25 2.18

Magnesium (Mg) 0.31 5.80 1.12 0.57 0.67

Manganese (Mn) 0.00 0.81 0.13 0.01 0.02

Strontium (Sr) 37.37 38.91 38.03 68.21 51.78

Titanium (Ti) 0.14 0.93 0.21 0.02 0.01

IC analysis - anions

Nitrate (NO₃⁻) 2.0 2.7 3.9 1.3 1.3

IC analysis - cations

Calcium (Ca²⁺) 7677.0 7406.1 6939.7 5766.8 5306.5

Potassium (K⁺) 579.3 590.3 636.4 692.5 581.1

Sodium (Na⁺) 432.8 445.6 542.2 496.4 776.1

pH of leachate [-] 13.5 13.2 12.5 12.6 12.6

BACS25


