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Construction sector uses around 40-50 % of the worldôs raw materials, and around 35% of 

waste produced in the world are from constructions and demolitions. Fine fraction (<15 mm) 

is generated when construction and demolition waste (CDW) is processed at waste treatment 

plant. In Finland, an estimated 200 kilotons of fine fraction is generated annually, and it is 

currently mainly utilized in landfill structures. The goal set by EU is to utilize CDW at least 

70% by weight annually otherwise as energy or fuel. By utilizing fine fraction as a raw 

material in products meets EU goal but it also supports the concept of waste hierarchy, 

circular economy, and sustainable use of materials. 

 

Based on this study, four main material groups in fine fraction (5-15 mm) were aggregates 

(34 %), wood (21 %), plastics (18%), and glass (16 %). The share of organic and inorganic 

materials in fine fraction (0-15 mm) were 45 % and 55 %. Concrete test specimens were 

prepared from fine fraction as untreated, crushed, burned and screened into different particle 

size classes. Processing methods, crushing and combustion had positive impact on strength 

properties. On average, the higher the length to width ratio, the higher compressive strength 

value was gained with burned fine fraction. Theoretical and dry densities of fine fraction 

were increased as the organic material was removed, and as the compressive strength and 

particle size were increased. However, the use of fine fraction as a recycled aggregate in 

concrete products did not meet the strength properties gained with natural aggregates.  

 

The use of recycled materials in products cannot cause harm for human health or 

environment. Based on EDS analysis, no hazardous elements, such as heavy metals, were 

found from fine fraction. Still, product and chemical regulations along environmental act 

must be followed once determining application for fine fraction. 
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Rakennusteollisuus käyttää vuosittain noin 40-50 % maailman raaka-aineista. Lisäksi 

rakennus- ja purkujätteen määrä on vuosittain noin 35 % maailmalla kaikista tuotetuista 

jätteistä. Alitetta (<15 mm) syntyy vuosittain noin 200 kilotonnia, kun rakennus- ja 

purkujätettä käsitellään jätteenkäsittelylaitoksissa. Tällä hetkellä alitetta käytetään lähinnä 

kaatopaikkojen rakennusmateriaalina. EU:n yhtenä tavoitteena on hyödyntää vuosittain 

rakennus- ja purkujätettä muutoin kuin energiana tai polttoaineena vähintään 70 

painoprosenttia. Hyödyntämällä alite materiaalina tuotteissa auttaisi tämän tavoitteen 

saavuttamisessa, mutta tukisi myös jätehierarkian toteutumista, kiertotaloutta ja kestävää 

materiaalien käyttöä. 

Tämän tutkimukset perusteella neljä suurinta materiaaliryhmää alitteessa (5-15 mm) olivat 

kiviainekset (34 %), puu (21 %), muovit (18 %) sekä lasi (16 %). Kun alitetta poltettiin, 

orgaanisen materiaalin osuus oli 45 % ja epäorgaanisen osuus oli 55 %. Käsittelemättömästä-

, poltetusta- ja murskatusta alitteesta valmistettiin betonisia koekappaleita eri 

partikkelikokoluokissa. Käsittelymenetelmillä, murskauksella ja poltolla oli positiivinen 

vaikutus testikappaleiden lujuusominaisuuksiin. Yleisesti, mitä suurempi alitteen hiukkasten 

leveyden ja pituuden suhde oli, sitä korkeammat puristuslujuusarvot saavutettiin. 

Teoreettinen- ja kuivatiheys kasvoivat, kun orgaaninen materiaali poistettiin, sekä 

puristuslujuuden ja partikkelikoon kasvaessa. Alitteesta valmistetut testikappaleet eivät 

kuitenkaan yltäneet neitseellisestä kiviaineksesta valmistettujen betonitestikappaleiden 

puristuslujuustuloksiin. 

Kierrätysmateriaalista valmistettu tuote ei saa aiheuttaa haittaa ihmisen terveydelle tai 

ympäristölle. EDS alkuaineanalyysin perusteella alitteesta ei löytynyt haitallisia aineita, 

kuten raskasmetalleja. Kuitenkin, kun alitetta tuotteistetaan, tuote-, kemikaali- ja 

ympäristölainsäädäntöjä tulee noudattaa. 
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1  Introduction 

Construction sector uses around 40-50% of the worldôs raw materials, and around 35% of 

waste produced in the world are from constructions and demolitions. Numbers are similar at 

European level. (Di Maria, Eyckmans & Van Acker 2018; A new Circular Economy Action 

Plan - For a cleaner and more competitive Europe COM/2020/98.) Construction and 

demolition waste (CDW) is generated during building, repairing, and demolishing of 

constructions, buildings, and infrastructures. Also, waste from civil works, road 

maintenance, and soils, rocks, and vegetation due to land levelling are classified as CDW. 

(Christensen & Anderson 2011, p. 104; Peuranen & Hakaste 2014, p. 11; Gálvez-Martos, 

Styles, Schoenberger & Zeschmar-Lahl 2018, p. 167; Chandrappa & Das 2012, p. 239.)  

The material content of CDW is highly dependent on where it is collected, and it can contain 

any materials that are used in constructions. CDW can contain materials such as concrete, 

bricks, tiles, plaster, sand, waste oils, grease, metals, soil, plastic, resins, insulating materials, 

gravel, ceramics, coats, stones, and glues (Chandrappa & Das 2012, p. 239). According to 

Gálvez-Martos et al. (2018, p. 166), the greatest share, around 85% of CDW contains 

concrete, brick, and mortar in Europe. However, according to Liikanen, Helppi, Havukainen 

& Horttanainen (2018, p. 2) aggregates, wood and plastics covers 70% of CDW by weight 

in Finland. 

Earlier CDW was mainly landfilled but nowadays it is understood that CDW contains 

problematic materials, such as asbestos from older demolished buildings, which makes it 

hazardous to landfill. In addition, valuable materials will be lost if the waste flow is only 

landfilled (Christensen & Anderson 2011, p. 10, 104). The goal set by European Union (EU) 

improves the sustainable use of materials by demanding to use CDW at least by 70% of 

weight annually otherwise than as an energy or fuel, excluding soil and aggregate generated 

from rocks and soils and hazardous waste (Waste Framework Directive 2008/98/EC § 11). 

Currently, CDW is mainly utilized as a raw material for recycled aggregates in applications 

such as road base and road fillings (Di Maria et al. 2018, p. 3-4). 

Fine fraction (FF) from CDW is a heterogenic waste fraction with a particle size typically 

below 20 mm (Puhakka 2022; Mönkäre, Palmroth & Rintala 2016, p. 35; Jani, Kaczala, 

Marchand, Hogland, Kriipsalu, Hogland & Kihl  2016). It is generated during the 



 

 

12 

construction and demolition waste separation at waste treatment plant and contains concrete, 

brick, ceramic, glass, and also light fractions such as plaster, styrofoam, plastic, and wood 

(Puhakka 2022). The annual amount of fine fraction generation in Finland can be up to 200 

kilotons (Lahtela, Munir, Rasilainen & Kärki 2023). Currently the fine fraction is mainly 

utili zed as construction material in landfills, or as an energy by burning even containing only 

relatively small amounts of organic materials (Puhakka 2022; Laine-Ylijoki , Castell-

Rüdenhausen, Kaartinen, Kärki, Pellikka, Punkkinen, Saastamoinen, Wahlström, 

Pohjakallio 2018). 

Finding applications for the fine fraction from CDW, supports sustainable use of materials 

and the concept of circular economy and it implements the waste hierarchy. The 

characteristics of the fine fraction must be known, and suitable sorting technologies need be 

discovered to improve the value chain of the material in order to find most suitable 

applications. In addition, ashes from heat and electricity production might be a potential 

waste material source when new applications for CDW´s fine fraction are discovered. 

1.1  Research problem and questions 

The research problem is the missing information about fine fraction´s material and elemental 

composition, properties such as compressive strength, moisture content, theoretical density, 

dry density, particle size distribution, and particles' shape. In order to find proper 

applications for the waste fraction, these characteristics are essential to identify. Still, even 

if it is important to find applications for this waste fraction, it is more important to reduce 

fine fraction generation by proper selected sorting technologies. In addition, because there 

are no products on the market out of fine fraction, permit and regulation related issues for 

the use of fine fraction as a material in new products must be clarified. Therefore, the 

research questions of this masterôs thesis are: 

¶ Which are the most important factors influencing on the use of fine fraction as 

material for new products from regulations and permits point of view? 

¶ What is the material content and properties of fine fraction? 

¶ How does fine fractionôs quality and processing methods affect to strength 

properties? 
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¶ How should fine fraction be treated to improve its value chain? 

 

1.2  Objectives 

The objective of this masterôs thesis is to analyze the quality, physical properties, and 

elemental and material composition of the fine fraction in order to find suitable applications 

for it as a material in products. Also, the aim is to provide suggestions about how the value 

chain of fine fraction could be developed by focusing on the low-carbon processing methods. 

In addition, the objective is to recognize the needed operations for the reuse of fine fraction 

in products, and to discover possibilities to eliminate the classification of fine fraction as a 

waste. 

1.3  Research methods 

The method triangulation will be utilized in this masterôs thesis. Two independent data 

sources will be used in this research to support each other by giving answers to the research 

questions, and to solve the research problem. The two data sources used in this thesis are 

literature review and laboratory tests. The utilization of the method triangulation increases 

the reliability of the research. 

The research methods will be divided into qualitative and quantitative ones. Literature 

review is carried out as a qualitative method to collect information about technologies to 

separate solid and construction waste but also minerals, and methods to analyze the fine 

fraction sampleôs properties and composition. Laboratory tests are carried out as a 

quantitative method to produce numerical results of the quality and properties of the fine 

fraction sample.  

Main databases to collect information for the research were LUT Universityôs library, 

Scopus, and Google Scholar. Main types of sources are books and scientific articles. Sources 

used in this research were published maximum 10 years ago to increase the reliability of the 
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research. Still, some older references were used once ensured that the information was not 

outdated, and if no more recent information was available.  

1.4  Expected results 

This masterôs thesis will produce new information to scientific field about fine fractionôs 

quality, composition, and properties. As a generalized result, suitable sorting technologies 

are suggested in this thesis in order to develop the value chain of the fine fraction and hence 

to support waste treatment plants to produce fine fraction with higher quality and properties 

for reuse purposes. The description of permit and regulations related issues related to the use 

of fine fraction in new products could be generalized to other waste fractions as well, such 

as for ashes from heat and electricity production. Quality and properties of fine fraction, as 

well the proposed technologies to increase the fine fractionôs value chain, revealed in this 

masterôs thesis, will be utilize in the ñAlite tuotteeksiò (fine fraction to product) project. The 

goal of this project is to productize fine fraction by defining its quality, quantity, properties, 

and license related issues, but also to improve its value chain through different processing 

methods, by preparing pilot products and by analysing the business opportunities. 
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2  Literature review 

In order to understand the importance of utilizing waste fraction as a material in new 

applications, its quantity, quality, properties, and environmental effects must be known. In 

order to improve the value chain of the fine fraction, along quality and properties, current 

sorting technologies in solid waste and mineral processing need be clarified. In order to use 

waste fractions in commercial purposes, different legislations such as waste legislation and 

specific product related legislations must be followed. 

2.1  Waste legislation 

In Finland, the waste legislation, Jätelaki 646/2011, follows EU waste legislation, Waste 

Framework Directive 2008/98/EC, but Jätelaki 646/20211 can be wider and more strict in 

some areas (Ministry of the Environment 2023a). According to Waste Framework Directive 

2008/98/EC of European Parliament and of the Council of 19 November 2008 on waste and 

repealing on certain Directives, minimizing negative effects for human health and 

environment for waste generation and management should be the main objectives of the 

waste policy. Reducing the use of resources and following the waste hierarchy are important 

aspects in the waste policy as well. According to Jätelaki 646/2011, the main target of this 

regulation is to support circular economy and sustainable use of natural resources, to 

minimize the amount of waste, and to reduce the harm that waste and waste management 

could cause for human health and for the environment. In addition, the aim is to secure that 

the waste management functions well, and to prevent the littering. 

2.1.1  Waste hierarchy 

Waste hierarchy is a base for EU waste management (European Commission 2023). The five 

steps of the waste hierarchy are presented in the Figure 1. According to Waste Framework 

Directive 2008/98/EC § 4, the five steps of waste hierarchy are: 

1. prevention, 
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2. preparing for re-use, 

3. recycling, 

4. recovery, for example energy recovery, and 

5. disposal. 

The aim of the waste hierarchy is primarily to avoid waste generation. If the waste is 

generated, the second-best option is to prepare waste for re-use. If the re-use is not possible, 

the next best option is to recycle waste. Even if the recycling is not possible, the waste should 

be recovered and utilized for example in energy production or by replacing other materials 

in specific purposes. At the bottom of the waste hierarchy is disposal of waste which is the 

worst option. (Jätelaki 646/2011 § 8.) So, preventing waste generation should always be the 

preferred option, and landfilling the last option after re-use, recycling, and recovery 

(Ministry of the Environment 2023a). 

 

 

Figure 1. Waste hierarchy (European Commission 2023). 

2.1.2  End-of-Waste criteria (EoW) 

The purpose of End-of-Waste (EoW) status is primarily to reduce the workload caused by 

waste regulation towards the recycled materials, and to improve the status of recycled 

materials compared to virgin ones. EoW status can help for example in storaging and 
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transportation, when the waste legislation is not applied for the material. However, in case 

obtaining the EoW status causes more workload compared to following the waste legislation, 

the status is not necessarily profitable (Kauppila, Turunen, Häkkinen, Salminen & Lazarevic 

2018, p. 22; p. 83-84). 

According to Waste Framework Directive 2008/98/EC § 6 and Jätelaki 646/2011 § 5b, 

classification of certain wastes as waste can be ceased, if  the waste, material, or object, has 

undergone a recovery or recycling operation, and if  the following requirements are fulfilled : 

¶ There should be a specific purpose for the material or object. 

¶ There is a market or demand for the material or object. 

¶ Material or object fulfills technical requirements for the purpose and is according to 

standards and legislations of the specific application.  

¶ Material or object do not cause harm for the human health or the environment. (Waste 

Framework Directive 2008/98/EC § 6; Jätelaki 646/2011 § 5b.) 

In Finland, with separate regulations given by the Government, can be provided more 

detailed evaluation criteria for the EoW classification for certain types of wastes (Jätelaki 

646/2011 § 5b). If the EoW criteria is not legislated by the Finnish Government nor by the 

EU for the specific waste fraction, the environmental permit authority can admit the EoW 

status in certain cases for the material (Jätelaki 646/2011 § 5b). In Finland, the environmental 

permit is applied either from ELY (Elinkeino-, liikenne- ja ympäristökeskus, Center for 

Economic Development, Transport and the Environment) center or from the municipality's 

environmental protection authority (Ympäristöhallinnon verkkopalvelu 2022). Even in these 

cases, the above-mentioned requirements for EoW must be fulfilled, and the Environmental 

Protection Act must be followed. In addition, the one who is placing this kind of material on 

the market, or the first user of the material in the cases where the material is not yet on the 

market, must ensure that the material is according to chemical and product legislations. 

(Jätelaki 646/2011 § 5b) Currently, there is only one material in Finland, crushed concrete, 

that has received its own regulation (466/2022) regarding to the EoW criteria (Ministry of 

the Environment 2023a). 
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2.1.3  Separate collection of waste 

Different types of waste must be collected separately to follow the concept of waste 

hierarchy (Jätelaki 646/2011 § 15). Separately collected fractions must be transferred to 

waste treatment facility where the waste will be prepared for the reuse, recycling or other 

activities that utilize the material best possible way as possible. (Valtioneuvoston asetus 

jätteistä 978/2021 § 26.) 

Separate collection of waste, including CDW, can only be disregarded in case one or more 

of the following conditions are fulfil led: 

¶ The mixed waste collection does not weaken the quality of the waste materials and 

does not reduce opportunities to utilize the material following the waste hierarchy. 

¶ Separate collection of waste does not lead to best possible result while considering 

the overall effects of waste management for the environment. 

¶ Separate collection of waste is not possible. 

¶ The costs of separate collection are unreasonable while considering the benefits from 

the economy point of view. (Jätelaki 646/2011 § 15.) 

2.1.4  CDW legislation 

The one who is responsible on the construction and demolition project must follow the waste 

hierarchy which is presented in Jätelaki 646/2011 § 8 and in Waste Framework Directive 

2008/98/EC § 4. Usable construction materials and objects must be recovered, and the waste 

should be generated as little as possible, and the waste should be as harmless as possible. 

(Valtioneuvoston asetus jätteistä 978/2021 § 25) Hence, the goal set by EU is to utilize CDW 

at least 70% by weight annually otherwise than as an energy or fuel, excluding soil and 

aggregate generated from rocks and soils, and hazardous waste (Valtioneuvoston asetus 

jätteistä 978/2021 § 27; Waste Framework Directive 2008/98/EC § 11).  

CDW and its fractions generated during the waste treatment are allowed to utilize in penger 

and soil filling with the following exceptions. The waste must be suitable for the purpose 

from technical and environmental point of view, and the amounts must be according to the 
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needs. Also, the content of biodegradable and organic matters in waste cannot be more than 

10% determined out of the total amount of organic carbon or loss in ignition. 

(Valtioneuvoston asetus jätteistä 978/2021 § 28.) 

The waste holder must arrange a separate collection for construction and demolition waste 

with some exceptions at least for the following fractions: 

¶ concrete, brick, mineral tiles, and ceramics, sorted by type, if possible, 

¶ asphalt 

¶ bitumen and roofing felt, 

¶ gypsum, 

¶ unimpregnated wood, 

¶ metal, 

¶ glass, 

¶ plastic, 

¶ paper and board, 

¶ mineral wool, and 

¶ soil and aggregate. (Valtioneuvoston asetus jätteistä 978/2021 § 26) 

2.1.5  MARA regulation (Valtioneuvoston asetus eräiden jätteiden hyödyntämisestä 

maarakentamisessa 843/2017) 

In Finland, Valtioneuvoston asetus eräiden jätteiden hyödyntämisestä maarakentamisessa 

(843/2017) is known as MARA (maarakennus, earth construction) regulation. It is applied 

for professional earth constructions and temporary storaging of specific wastes 

(Valtioneuvoston asetus eräiden jätteiden hyödyntämisestä maarakentamisessa 843/2017 § 

2).  Its purpose is to help to utilize wastes in earth constructions by determining specific 

conditions (Valtioneuvoston asetus eräiden jätteiden hyödyntämisestä maarakentamisessa 

843/2017 § 1). If MARA  regulation can be applied for the waste material and its intended 

application, information to ELY center which acts as a supervising authority is enough and 
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therefore environmental permit is not required (Valtioneuvoston asetus eräiden jätteiden 

hyödyntämisestä maarakentamisessa 843/2017 §1; Suomen ympäristökeskus & 

Ympäristöministeriö 2022; ELY-keskus 2021). 

According to MARA regulation, waste materials such as crushed concrete, bricks, and 

asphalt, ashes from coal, peat and wood combustion, and slag from waste combustion can 

be utilized in earth constructions. However, specific quality requirements and limits for 

harmful substances mentioned in the MARA regulationôs appendix 2 must be followed. 

(Valtioneuvoston asetus eräiden jätteiden hyödyntämisestä maarakentamisessa 843/2017, 

Appendix 1 & 2). The earth construction applications for these waste materials fulfilling the 

requirements determined in MARA regulation are lanes, fields, pengers, and foundation 

structures for industrial and warehouse buildings (Valtioneuvoston asetus eräiden jätteiden 

hyödyntämisestä maarakentamisessa 843/2017 §3). 

2.1.6  Conformité Européenne (CE) marking 

Conformité Européenne (CE) marking indicates that the product is according to EU 

directives, regulations, and harmonized standards, and the product with CE marking is 

allowed to move freely in EU. The marking is attached to the product by the manufacturer 

or its authorized representative, and it is not issued by an authority or third party. Usually 

CE marking can be attached to the product with no specific testing or inspection. However, 

with certain product categories, such as certain construction products and machinery, the 

compliance must be assessed by a notified body before the CE marking is allowed to be 

attached to the product. The marking is only acceptable to be attached to the products that 

require CE marking mentioned in their product legislation, and the marking must be always 

attached to these products. CE marking must be attached for example to toys, machinery, 

lifts, electrical appliances, personal protective equipment, certain construction products, gas 

equipment, and measuring instruments. However, CE marking is not a general safety label, 

as it does not guarantee that the product has high quality and does not rate products. 

(Turvallisuus- ja kemikaalivirasto 2023.) 

Recycled materials, such as recycled aggregates from CDW, follow aggregate standard and 

therefore they must have CE marking in case CDW material is used for constructions 

purposes (Zhu, Lonka, Tªhtinen, Anttonen, Isokªªntª, Knuutila, Lahdensivu, Mahiout, 
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Mªntylª, Raimovaara, Rantio, Santonen & Teittinen 2022, p. 28; Laurila 2019, p. 4). 

Therefore, CE marking is a product specific and is not dependent on the origin of the 

material. 

2.2  Circular economy 

The world will consume waste for three globes, and the annual amount of waste will be 

increase by 70% by the year of 2050 according to A new Circular Economy Action Plan For 

a cleaner and more competitive Europe. Half of the greenhouse gas emissions and over 90% 

of biodiversity losses and water stresses are due to resource extraction and processing. To 

overcome this problem, EU needs to go towards into a situation where more resources are 

returned to the planet than are taken from it in order to keep the resource consumption within 

planetary conditions, and to double the use of circular materials in during the following 

decade. (A new Circular Economy Action Plan - For a cleaner and more competitive Europe 

COM/2020/98, 1.) 

The consumption of materials and production methods must be changed to be more 

sustainable by following this circular economy action plan. The total of 35 regulations and 

initiative in the action plan related to different sectors from productôs design phase to 

recycling, are guiding the concept of circular economy. The focus is on the product design 

phase because it can affect up to 80% of the environmental impact during productôs life 

cycle. The aim of the sustainable product policy is that by the year of 2030, products in the 

EU market are durable with long lifetime, repairable, updatable, reusable, re-

manufacturable, manufactured manly from recycled materials without harmful chemicals, 

and safely recyclable back to materials at the end of the life cycle. (Ministry of the 

Environment 2023b.) 

Constructions and buildings are a significant sector in the use of materials and in the waste 

generation. Around 50% of all materials are used in construction sector, and they produce 

up to 35% of all waste in EU. Around 5-12% of total national greenhouse gas emissions are 

from material extraction, manufacturing, and renovating of constructions. Up to 80% of 

those emissions could be eliminated by more efficient use of materials. The Strategy for a 

Sustainable Built Environment by Commission will focus on to increase material efficiency 

in different policy areas such as in management of construction and demolition wastes. The 
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strategy takes account the principles of circularity through the lifecycle of buildings for 

example by considering a revision of material recovery targets set in EU legislation for 

construction and demolition waste and its fractions. (A new Circular Economy Action Plan 

- For a cleaner and more competitive Europe COM/2020/98, 3.6.) In addition, the 

performance, availability, costs, and safety are challenges that recycled materials face while 

comparing to virgin materials. With the action plan, the gap between these factors is tried to 

be reduced. (A new Circular Economy Action Plan - For a cleaner and more competitive 

Europe COM/2020/98, 4.3.) 

2.3  Life Cycle Assessment (LCA) 

Life Cycle Assessment (LCA) is a standardized approach to waste prevention by analysing 

productsô or servicesô environmental impact during their life cycle. The life cycle includes 

every step of the product or service such as manufacturing, transportation, repair, and 

recycling starting from procuring the raw material ending into disposal. (Suomen 

Ympäristökeskus 2022; Chandrappa & Das 2012, p. 18; Devaki & Shanmugapriya 2020, p. 

764.) LCA in waste management is used to decrease negative environmental effects and the 

use of natural resources. It also considers the human wellbeing and helps in decision making. 

(Devaki & Shanmugapriya 2020, p. 764.) 

According to LCA analysis made by Hossain, Poon, Lo & Cheng in Hong Kong (2016, p. 

67, 76), the use of aggregates manufactured from CDW compared to natural aggregate, 

production can reduce greenhouse gas emissions by 65% with 58% savings in non-

renewable energy consumptions, and the net environmental impacts can be reduced by 50%. 

Manufacturing of minerals including extraction, processing, and handling, produces 7% of 

the global energy consumption, and the transportation of minerals produces around 40% of 

the energy consumptions in the construction industry. (Hossain et al. 2016, p. 67.) 

Landfilling CDW has high environmental impact and no economic benefits. Recycling of 

CDW has environmental gains by saving natural resources and enhancing green 

consumption. (Devaki & Shanmugapriya 2020, p. 766, 768.) Hence recycling of CDW is 

highly recommended in most LCA studies according to Devaki & Shanmugapriya (2020, p. 

767). Still, the transportation of the CDW has a significant environmental impact due to 

greenhouse gas emissions that must be taken into consideration. To overcome this problem, 
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electric vehicles instead of diesel or petrol driven ones could be used. Also, the transportation 

distances of CDW should be minimized by considering optimal location for the recycling 

plant. Finally, the consumption of the waste processing plant must be noted in the case of 

CDW treatment for example by focusing on dry processing instead of wet processing which 

typically requires more energy. (Devaki & Shanmugapriya 2020, p. 766, 768; Hossain 2016, 

p. 67-68; Di Maria et al. 2018, p. 19.) 

2.4  Construction and demolition waste (CDW) 

Construction and demolition sector uses around 40-50% of the raw materials globally, and 

construction and demolition waste (CDW) is one of the largest waste flows in the world 

generating 35% of the worldôs waste. (Correia, Caldas Renan & Oluremi 2020, p. 1878; Di 

Maria et al. 2018, p. 3; A new Circular Economy Action Plan - For a cleaner and more 

competitive Europe COM/2020/98.) CDW is generated during the building phase, repair, 

remodeling and in the demolition of constructions. Roads, residential and nonresidential 

buildings can also be classified as constructions. (Christensen & Anderson 2011, p. 104; 

Peuranen & Hakaste 2014, p. 11; Gálvez-Martos et al. 2018, p. 167.)  

The construction and demolition waste compositions varies significantly depending on 

where they are collected. Used materials and construction techniques among the economic 

situation in the country have an effect on the amounts and types of generated CDW. (Di 

Maria et al. 2018, p. 3.) The biggest share, around 85%, of the CDW is composed of concrete, 

brick and mortar according to Gálvez-Martos et al. (2018, p. 166). Also, large amount of 

wood and plasterboard can exist depending on the origin of the waste fraction (Gálvez-

Martos et al. 2018, p. 166). Another material groups in CDW among concrete, bricks, and 

gypsum, are metals, plastic, solvents, and hazardous substances such as asbestos (Deloitte 

2017, p. 7). There is a difference in the composition of waste gathered from new 

constructions compared to demolition sites. Also, the waste composition will vary in 

different stages of constructions. (Liikanen et al. 2018, p. 3.) For example, the road 

constructions generate excavated materials, and demolition of constructions generates huge 

amount of concrete waste. And still, they both can be classified as CDW. (Gálvez-Martos et 

al. 2018, p. 167.) In addition, there are differences in the composition between countries. For 
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example, the share of wood in CDW is greater in Finland than in many other countries. 

(Peuranen & Hakaste 2014, p. 11.)  

Some problematic materials that usually are no longer used in new constructions but can 

occur in older buildings are for example asbestos, polyvinyl chloride, certain mineral wools 

that contains leachable phenols, insulation foams that contains chlorofluorocarbon gases, 

impregnated wood that contains creosote, arsenic, copper and chromium, plywood that 

contains formaldehyde, glazed tiles that contains lead, and joint fillers that contains 

chlorofluorocarbon or polychlorinated biphenyl. Some older heavy paintings, oil, sod, and 

tar on top of the objects may be problematic as well. (Christensen & Anderson 2011, p. 106.) 

These kinds of materials should be paid attention during the demolition and waste treatment 

in order to produce safe recycled material with high quality. 

The separation of CDW at its place of origin will improve further utilizing possibilities of 

the waste material. According to Lehtonen (2019, p. 77), separate collection of wastes in 

construction and demolition sites is often discarded because it takes time, space, and money. 

Therefore, CDW is usually collected as a mixed waste in sites and transferred into waste 

treatment facility for material separation where separate collection demand set by Finnish 

government (Valtioneuvoston asetus jätteistä 978/2021 § 26) is fulfilled. (Lehtonen 2019, p. 

77.) 

However, separating CDW into own fractions before transferring them into waste treatment 

facilities will be beneficial from economical point of view. For example in 2023 at Ekokaari 

Oy, it is free to bring unimpregnated wood into waste treatment facility. The price for mixed 

waste can be up to 200ú per ton when the content of waste includes less than 30% of usable 

fractions such as paper, board, plastic, wood, and metals. (Ekokaari Oy 2023a.) In addition, 

metal waste is a valuable material and therefore itôs the only material group in CDW that the 

receiver might even pay (Zhu et al. 2022, p. 27). 

Earlier CDW was mainly only landfilled because it was not seen problematic from the 

environment point of view. Nowadays it is understood that CDW contain contaminants that 

may not be safe to landfill. Also, it is noted that valuable materials will be lost if CDW is 

only landfilled. (Christensen & Anderson 2011, p. 104.) Currently, the aim is to landfill as 

little CDW as possible, and it is mainly used to produce recycled aggregates to replace use 

of natural aggregates in different applications such as for road base and road fillings, or as a 
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raw material for concrete (Di Maria et al. 2018, p. 3-4; Lehtonen 2019, p. 11). Still, some 

waste fractions are landfilled because they cannot be utilized as a secondary material nor as 

energy. Those CDW materials are for example insulation materials, plasterboard, and waste 

that is difficult to separate from the waste stream. (Lehtonen 2019, p. 78.) 

2.4.1  Fine fraction 

As reported by Martins, Müller, Maio, Forth, Kropp, Angulo & John (2013, p. 195), fine 

fraction (FF) is generated when mineral part of CDW is recycled. The amount of fine fraction 

according to Martins et al. (2013, p. 195-196.) from CDW is 20-50% depending on the 

processing technology. According to Laine-Ylijoki et al. (2018, p. 19), 20-40% of fine 

fraction is generated in the CDW treatment. According to Nasrullah et al. (2014), the amount 

of fine fraction is 28% from the total input of CDW in waste treatment facility.  

According to Martins et al. (2013, p. 195), particles in CDW with size below 4 mm are 

defined as fine fraction. Concrete based CDW particles with size below 5 mm are defined as 

fine fraction in the study of Frías, Vigil de la Villa,  Martínez-Ramírez, Fernández-Carrasco, 

Villar -Cociña & García-Giménez (2020, p. 2). In the study of Correia et al. (2020, p. 1879), 

fine fraction from CDW was between particle sizes of 0,06-5,6 mm. As reported by Mönkäre 

et al. (2016, p. 35), solid waste particles smaller than 20 mm are defined as fine fraction and 

mentioned by Jani et al. (2016), fine fraction are particles with the size of 10 mm or 20 mm.  

In this study, CDW particles below size of 15 mm collected from flip-flop screen at Ekokaari 

Oy, are defined as fine fraction. Around 38% of fine fraction with the particle size of 0-15 

mm were generated in Flop-flop screen when the performance of waste treatment line was 

tested at the sorting line of Ekokaari Oy in 2018. Two trials were made with the input of 

40 000 kg of CDW-alike material in both runs. (Enerec 2018.)  

The material content of fine fraction is dependent on the input waste stream, meaning from 

CDW point of view that the fine fraction can contain any material that is used in 

constructions during their life cycle. Those materials can be for example concrete, tiles, 

gypsum, wood, glass, plastic, board, and mineral wool. Even some amounts of metals can 

be found from FF even if they are tried to remove from the waste stream through magnetic, 

electrostatic, or eddy current separation. More details about the defined material content of 
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the fine fraction studied in this thesis can be found from the Results chapter. More detailed 

description of the generation of fine fraction used in this study can be found from the 

Materials and Methods chapter. 

Currently, fine fraction from CDW is mainly utilized as a construction material in landfills 

as long as it fulfill s the minimum requirements for the liners (Puhakka 2022; Correia et al. 

2020, p. 1878) Traditionally clayey soils, mostly bentonites, are used as a construction 

material by landfill liners (Correia et al. 2020, p. 1877). An advantage of using CDWôs fine 

fraction as a construction material in landfills is that the material is produced near to its 

application when the waste treatment facility utilizes material in their local landfills. Also, 

the use of FF is beneficial from economical point of view. (Correia et al. 2020, p. 1878.) 

In addition, even up to 150 kilotons of fine fraction from CDW could be utilized as energy 

due to lack of better use in Finland estimated by Puhakka (2022). Still, utilization of FF from 

CDW as energy might be problematic because many materials in CDW contain only small 

amount of energy (Laine-Ylijoki et al. 2018). Organic materials in FF that can be turned into 

energy by burning are for example fibers, wood, plastic, and background paper from the 

plasterboard (Laine-Ylijoki 2018, p. 18). Therefore, when FF from CDW is burned, 

relatively small amount is turned into energy and the larger part still remains as a waste 

material. This leads to a situation where waste fraction still exists even the owner is changed 

to incinerator instead of the waste treatment facility. 

2.4.2  CDW in Europe 

In Europe, the construction sector produces around 820 million tons of construction and 

demolition waste including soils, which is almost 50% of the total amount of generated waste 

produced in European area (Gálvez-Martos et al. 2018, p. 166; Deloitte 2017, p. 7). The 

amount of CDW produced in different countries in Europe seems to be correlating with the 

population. In general, large countries generate most CDW. (Deloitte 2017, p. 13.)  

Largest material groups of CDW according to Deloitte (2017, p. 15) and Gálvez-Martos et 

al. (2018, p. 167) are concrete, bricks, tiles, masonry, and ceramics. Significantly greatest 

fraction of the CDW was mineral waste in 2012 in Europe (Deloitte 2017, p. 15). Other 

CDW fractions among mineral waste were ferrous metal, non-ferrous metal, mixed ferrous 
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and non-ferrous metal, glass, plastic, wood, waste containing polychlorinated biphenyls, and 

other mineral waste excluding construction and demolition waste, combustion waste, soils, 

dredging spoils, and waste from waste treatment. The average variation of CDW material 

compositions in Europe is presented in the Table 1, and more detailed material distribution 

of certain European countries of CDW can be seen from the Figure 2.  

 

Table 1. Variation of CDW material composition (modified Gálvez-Martos et al. 2018, p. 

167). 

Waste Category % [min-max range] 

Concrete and Masonry 40-84 

Concrete 12-40 

Masonry 8-54 

Asphalt 4-26 

Others (mineral) 2-9 

Wood 2-4 

Metal 0,2-4 

Gypsum 0,2-0,4 

Plastics 0,1-0,2 

Miscellaneous 2-36 

 

Figure 2. CDW material shares in certain European countries (Deloitte 2017, p. 16). 
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2.4.3  CDW in Finland 

Construction waste was generated 15,1 Mt in 2015 in Finland out of which 190 000 t was 

defined as hazardous waste (Laine-Ylijoki et al. 2018, p. 14). In Finland, around 58% of 

CDW is generated from renovation, around 27% is from demolition, and only 15% is from 

new constructions (Lehtonen 2019, p. 11). Around 51 000 buildings were demolished in 

Finland between the years 2000 ï 2021. Main building material is known for the half of these 

buildings, which was wood with 87% share. (Zhu et al. 2022, p. 15.) According to Liikanen 

et al. (2018, p. 2, 10), the greatest share, around 70% of construction waste in Finland is 

wood (26%), aggregate (25%), and plastic (18%). Aggregate category includes gypsum, 

concrete, bricks, and other aggregates. The wood category includes chipboard, plywood, 

impregnated wood, parquet, laminate, painted and varnished wood, and pure wood. Category 

of plastics includes films made of plastic, hard plastics excluding Polyvinyl chloride (PVC), 

and PVC. Other categories which cover 30% of construction waste, can be divided into 

subcategories such as paper and board, mineral and glass wool, metals, glass, roofing felt, 

and other including for example textiles and urethane. (Liikanen et al. 2018, p. 4.) 

Liikanen et al. (2018) have studied the composition of CDW in Finland by collecting CDW 

samples from six different mixed CDW loads at Etelä-Karjalan Jätehuolto Oy. The results 

of CDW material content determined by Liikanen et al. (2018) are presented in the Table 2. 

Liikanen et al. (2018) also compared the CDW content in Finland over different studies 

which was challenging due to differences in waste classifications. (Liikanen et al. 2018, p. 

13.) Reason for variation between studies is due many factors such as where it is collected, 

and which construction materials have been used. The composition of CDW in Finland 

according to different studies is presented in the Table 3 and in the Figure 3. The gypsum is 

classified as aggregate in Table 3 and Figure 3. 
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Table 2. Detailed material content of CDW in Finland at Etelä-Karjalan Jätehuolto Oy 

(modified Liikanen et al. 2018, p. 10). Values written in gray colour have been taken into 

account in the Tableôs upper levels. 

 Material fractions [%] 

1 Aggregate 17 

1.1 Concrete 3 

1.3 Brick 2 

1.5 Other aggregates 12 

3 Gypsum 9 

4 Wood 26 

5 Ferrous metal 4 

6 Glass 5 

7 
Plastics, rubber, styrofoam 

& PVC 
18 

7.1 Plastic 1 (hard) 13 

7.2 Plastic 2 (soft) 4 

7.5 PVC 1 

8 Wool 5 

13 Paper & Board 7 

 Other 9 

Total 100 

 

Table 3. Material content of construction waste in Finland according to different studies 

(modified Liikanen et al. 2018, p. 13). The average values in Table are calculated from the 

shares visible in Table excluding rows with no values. 

 
Liikanen et 

al. 2018 

Ronkanen 

2015 

Vanhala 

2010 

Nasrullah 

2014 

Calculated 

average 

Wood 26% 17% 31% 24% 25% 

Aggregate 25% 13% 24% 31% 23% 

Plastic 18% 15% - 12% 15% 

Paper & Board 7% 8% 4% 12% 8% 

Metal 4% 13% 6% 10% 8% 

Mineral & Glass wool 5% 7% 6% - 6% 

Glass 6% - - 3% 5% 

Other 9% 27% - 9% 15% 

Total 100% 100% 71% 101% 105% 

 



 

 

30 

 

Figure 3. Average material content of construction waste in Finland according to data from 

Table 3 (modified Liikanen et al. 2018, p. 13; Ivanovskis 2019, p. 72). 

2.4.4  CDW and fine fraction in Kymenlaakso waste management area 

Kymenlaakso is a region in the southeast Finland with about 160 000 inhabitants 

(Kymenlaakson liitto 2023a). Hamina, Kouvola, Kotka, Pyhtää, Miehikkälä and Virolahti 

are the cities and municipalities located in Kymenlaakso (Kymenlaakson liitto 2023b). Iitti, 

Lapinjärvi and Mäntyharju are cities that are not located in Kymenlaakso but are still 

belonging to the waste management area of Kymenlaakso and therefore their waste volumes 

are considered in this study. (Lahtela et al. 2023.) In this masterôs thesis, the analyzed fine 

fraction material is generated through Ekokaari Oyôs flip-flop screen. Main input material 

of this treatment plant is CDW, so it can be generalized that the material studied in this thesis 

is the fine fraction from construction and demolition waste.  

In the study of Lahtela et al. (2023), annual waste amounts by their type are taken from 

YLVA database. In that database, different waste fractions are categorized by their type with 

European Waste Catalogue (EWC) codes. Between years of 2019-2021, the yearly amount 

0%

20%

40%

60%

80%

100%

120%

Liikanen et al. 2018 Ronkanen 2015 Vanhala 2010 Nasrullah 2014 Average

Material content of CDW in Finland

Wood Aggregate Plastic Paper & Board Metal Mineral- & Glass wool Glass Other



 

 

31 

of CDW (EWC: 17) was varying between 270,4-349,7 kt in Kymenlaakso out of which the 

share of hazardous waste was 40,1-57,0 kt, and therefore the share of usable materials 

generated from construction and demolition was 213,4-300,2 kt. The annual amount of 

mixed construction and demolition waste (EWC: 17 09 04) was reported to be 31,9-36,4 kt 

from which the annual fine fraction amount can be calculated to be 6,4-14,6 kt by using the 

share of 20-40% as defined by Laine-Ylijoki et al. (2018, p. 19). The more detailed list of 

EWC codes can be found from the Appendix 1. 

Yearly amount of fine fraction can be calculated also from the values from YLVA database 

under the code 19 12 12 ï other wastes (including mixtures of materials) from mechanical 

treatment of wastes other than those mentioned in 19 12 11. Around 25% of fine fraction is 

generated in wasteôs mechanical treatment compared to the amount of input waste stream 

according to Lahtela et al. (2023) investigation. In 2019-2021 the other wastes (EWC: 19 12 

11) was reported 3,1-25,9 kt annually from where the amount of fine fraction can be 

calculated to be 0,8-6,5 kt. 

As summarized, the yearly amount of fine fraction generated in Kymenlaaksoôs waste 

management area can be around 13,8 kt when taking into account both the fine fraction from 

mixed CDW with the share of 28% and the fine fraction from the mechanical waste treatment 

with the share of 25%. Annual amounts of CDW and FF in Kymenlaaksoôs waste 

management area during 2019-2021 are presented in the Table 4. 
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Table 4. Amounts of CDW and fine fraction in Kymenlaakso waste treatment area during 

2019-2021 in kilotons [kt] (modified Lahtela et al. 2023). *Lines written in gray color are 

not taken into account in the calculation of the total amount of fine fraction. 

 
2019 

[kt]  

2020 

[kt]  

2021 

[kt]  

Annual 

average 

[kt]  

CDW (EWC 17) 302,2 349,7 270,4 307,4 

The share of mixed CDW (EWC 17 09 04) from 

CDW (EWC 17) 
35,4 36,4 31,9 34,6 

Fine fraction from mixed CDW (EWC 17 09 04) 

calculated by the share of 20-40% 
7,1-14,1*  7,3-14,6*  6,4-12,8*  10,5*  

Fine fraction from mixed CDW (EWC 17 09 

04) calculated by the share of 28% 
9,9 10,2 8,9 9,7 

Wastes from mechanical waste treatment (EWC 

19 12 12) 
25,9 19,5 3,1 8,5 

Fine fraction from Wastes from mechanical 

waste treatment (EWC 19 12 12) calculated by 

the share of 25% 

6,5 4,9 0,8 4,1 

Total amount of FF (FF from mixed CDW 

with 28% + FF from mechanical waste 

treatment with 25%) 

16,4 15,1 9,7 13,8 

 

2.5  Ashes as fine fraction 

Ashes from heat and electricity production might be a potential waste material source when 

new applications for CDW´s fine fraction are discovered. Around 1,5 million tons of ash is 

generated annually in Finland out of around 2,2% is generated in the Kymenlaakso area 

(Arnkil, Joensuu, Kauppila, Kontinen, Kotiharju, Lahti, & Tenhola  2020, p. 7; Lahtela et al. 

2023). Ash is generated in Finland mainly through heat and electricity production when 

wood, peat, coal, and waste is combusted, and the unburned substances remain (Arnkil et al. 

2020, p. 13). In the study of Lahtela et al. (2023), the annual amounts of ashes in 

Kymenlaakso are taken from YLVA database. During 2019-2021, the annual amount of 

ashes categorized under EWC 10 01 ñWastes from power stations and other combustion 

plants (except 19)ò was varying between 70,0-91,4 kt in Kymenlaakso out of which the share 

of hazardous waste was 0,007-1,81 kt. In the same period, ashes were also categorized under 
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EWC 19 01 ñWastes from incineration or pyrolysis of wasteò with amounts of 53,3-111,6 kt 

which of the share of hazardous waste was varying 30,7-36,1 kt. Therefore, the amount of 

usable ash generated annually in Kymenlaakso when the share of hazardous waste is 

removed, is variating between 92,1-154,2 kt when the data between years of 2019 ï 2021 is 

utilized. 

Different kind of ashes are divided based on in which part of the boiler ash is collected 

(bottom ash or fly ash) and based on the composition of used fuel in combustion process. 

Grate firing and fluidized bed firing are the most common combustion processes. The 

amount of bottom ash and fly ash variates depending on the combustion process. In fluidized 

bed firing, the share of fly ash is 80-100 % and the rest will be bottom ash, while in grate 

firing the share of fly ash is only 4-50 % and the share of bottom ash can be up to 95%. In 

addition, in fluidized bed firing, sand is used in the process which ends up into bottom ash. 

There is also difference in the particle size distribution between different combustion 

processes. The particle size distribution is wider in grate firing compared to fluidized bed 

firing. (Arnkil et al. 2020, p. 15; Kiviniemi, Sikiö, Jyrävä, Ollila, Autiola, Ronkainen, 

Lindroos, Lahtinen & Forsman 2012, p. 9.) Properties differ also between the fly ash and 

bottom ash, where the particle sizes distribution of fly ash is only 0,002-0,1 mm, and in 

bottom ash the distribution can be up to 0,002-16 mm (Kiviniemi et al. 2012, p. 12). 

The content of ashes variate depending on the burned materials, used fuel, from which part 

of the boiler the ash is collected, and combustion process to be used (Arnkil et al. 2020, p. 

10). Currently, ash is mainly seen as a side stream from energy production. The quality of 

generated ash could be improved, and more applications could be found, if the focus is 

already on the early stages of the process (Arnkil et al. 2020, p. 10). Also, one challenge for 

the use of ash as a material is the distance between the power plant where the ash is generated 

and the location of the utilization. It is estimated that transportation distance should be less 

than 100 km to gather financial benefits. (Arnkil et al. 2020, p. 11) In addition, the longer 

the transportation distance, the greater environmental harm.  

Ash is classified as waste, so its further utilization is defined in waste legislation and 

environmental protection act, and in their regulations (Kiviniemi et al. 2012, p. 8). Ash origin 

from wood and peat combustion is generated up to 600 000 tons annually in Finland, and 

they can be utilized as fertilizer in swamps because of their nutrient content (Arnkil et al. 

2020, p. 7). Currently, around 10 000-15 000 hectares are annually fertilized with ash in 
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Finland. The amount of utilized ash per hectare can variate between 3000-8000 kg which 

means that up to 120 kilotons of ash could be yearly utilized as a fertilizer. (Arnkil et al. 

2020, p. 23.)  

Ashes with low nutrient content can be utilized in earth constructions, as a hardening binder 

in mine fillings in mining industry, as a material source for aluminum and silicon in cement 

manufacturing, and as a material in concrete manufacturing by replacing cement (Arnkil et 

al. 2020, p. 7). Around 100 million tons of aggregates are annually utilized in Finland some 

of which could be replaced by ashes (Arnkil et al. 2020, p. 24). Ashes differ from aggregates 

especially by their porous structure and cemented properties (Kiviniemi et al. 2012, p. 6). 

Also, the use of ashes in road structures is possible, but because ash is still classified as 

waste, its use in earth constructions is allowed only either with an environmental permit or 

within the limits of MARA regulation (Arnkil et al. 2020, p. 24). However, ashes generated 

in combustion of wastes, oils, gasses, and hazardous substances cannot be utilized as a 

fertilizer or in earth construction purposes without expensive cleaning processes (Arnkil et 

al. 2020, p. 15). In addition, ash can be used in other applications than fertilizer or in earth 

constructions through an EoW status, or landfill if no application is found (Arnkil et al. 2020, 

p. 57). 

Therefore, the application for ash is determined by its quality, and the quality is affected by 

the fuel, combustion process and separation methods. However, the legislations primarily 

determine how the material is allowed to use. (Arnkil et al. 2020, p. 56.) Productization of 

ashes with no EoW status goes through MARA regulation or with environmental permit 

(Kiviniemi et al. 2012, p. 40). Also, the availability and properties of ash must meet the 

requirements of the application. Finally, profitability of ash should be considered for 

example from economy, environment, and carbon footprint point of view. (Arnkil et al. 

2020, p. 55.) From economical point of view, the profitability of ash is depending on the 

price, availability, and quality of the alternative materials (Arnkil et al. 2020, p. 56). 

2.6  Mechanical treatment processes for CDW alike materials 

Typical construction and demolition waste treatment facility contains reception, weighting 

and visual inspection, manual pre-separation, crushing, rejection and diversion to alternative 

treatments, screening, magnetic separation, manual separation of different material fractions 
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if needed, and screening and secondary crushing. Commonly CDW treatment plant produces 

aggregates from the inorganic fraction of CDW, and other fractions such as wood, plastic 

and metals are recovered. (Gálvez-Martos et al. 2018, p. 174.) Along these traditional 

separation methods for CDW and solid waste, also sensor-based separation methods are 

applied in recycling sector. 

In dry mineral processing, materials are separated in dry conditions with various techniques 

which are based on for example materialsô densities, electrostatic behaviors, and differences 

in the magnetic susceptibility (Chelgani & Neisiani 2022, p. 30, 59, 91). Also, sensor-based 

technologies are applied in mineral processing (Chelgani & Neisiani 2022, p. 125). 

All separation techniques for solid materials from different material separation sectors, 

including mineral processing and solid waste separation, can be seen as feasible methods to 

increase the value chain of the fine fraction. The use of wet separation methods is not 

beneficial in the environmental point of view in this study because the drying process 

requires energy and therefore, they are left out from this overview. 

2.6.1  Pre-processing 

Waste can be presorted manually before mechanical sorting process. In manual sorting, the 

recognition criteria can be colour, shape, luster, transparency, or such (Anastassakis 2018, 

p. 639). Manual sorting can be done as negative sorting or positive sorting. In the negative 

sorting, the unwanted materials are picked out from the waste stream, such as some 

hazardous fractions. In the positive sorting, materials that are wanted to continue in the waste 

treatment process will be picked out from the waste stream. (Chandrappa & Das 2012, p. 

87).  

2.6.2  Size reduction 

Size reduction is a mechanical process to convert waste objects into smaller particle sizes 

which leads to smaller volumes making separation, handling, storing, and landfilling  easier. 

The size reduction for solid waste can be done by shredding, grinding, granulation, and 

milling. (Anastassakis 2018, p. 629.) 
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Size reduction with hammer mills, crushers, and impactors are based on their impact force 

(Anastassakis 2018, p. 629). With hammer mill, the material to be crushed is fed via feed 

opening into hammer cycle. Hammers rotate at high-speed while colliding with the particles. 

Particlesô size is reduced by hit of hammers, by contact with plates or braker bars on the 

inner surface of the hammer cycle, and by shear and attrition forces between the particle and 

screen openings at the bottom of the device. Hammer mill is effective with brittle materials, 

but it can be used also for materials without brittle properties such as with wood and scrap 

metal. The basic principle of impactor is similar to hammer mill, but it does not have grates 

at the bottom of the device and it is used with bulky materials. (Anastassakis 2018, p. 631.) 

Shredding can be used to reduce physical size of solid waste objects by a shear force 

(Chandrappa & Das 2012, p. 97; Anastassakis 2018, p. 632). Size reduction is achieved 

through shear shredder when material is fed between typically two low-speed 

counterrotating parallel shafts with toothed cutting blades. Difficult materials such as metals, 

tires and bulky items can be shredded into coarse particles with shear shredder. (Anastassakis 

2018, p. 632.)  

2.6.3  Screens 

Screening is a separation process that is based on particleôs physical size. Particles with 

physical dimensions below the screenôs opening will be dropped through the screen, and the 

bigger particles with dimensions above the openingôs dimensions wonôt (Chandrappa & Das 

2012, p. 87). Particles passing through the screen can be called as fine fraction, undersize, 

or under flow, and the particles that stay above screenôs holes, are defined as oversize 

material, over flow or remaining (Anastassakis 2018, p. 637). 

Drum screen is also known as trammel or rotary screen, and it is the most popular screen 

type in solid waste processing (Chandrappa & Das 2012, p. 87; Anastassakis 2018, p. 637). 

Large drum with one or multiple screening surfaces rotates allowing the separation into 

several size fractions depending on the number of different screen sizes. Typically, the drum 

is set to be in 2ï5 degree´s angle allowing material move forward inside the rotating drum. 

Particles below the size of the screen openings, the under flow, will pass through the screen 

while the bigger particles, the over flow, are collected at the end of the drum. (Anastassakis 



 

 

37 

2018, p. 637.) The basic principle of the drum screen can be seen in the Figure 4 with a two 

screen sizes and totally of three fractions. 

 

 

Figure 4. Principle of a drum screen (Chandrappa & Das 2012, p. 91). 

 

Separation with disk screen is based on materialsô physical size. In disk screen there are 

multiple disks with round, oval, serrated or star shapes that are attached to the shafts 

(Anastassakis 2018, p. 638). Rotating shafts are placed close to each other by making it 

possible for the material to move forward on disks. Small particles will drop through between 

the disks while larger particles will stay above the disks. Small particles, the under flow, will 

be collected below the shafts, and the larger particles, the overflow material, will travel on 

top of the disks and will be collected at the end of the conveyor-alike-system. (Chandrappa 

& Das 2012, p. 89-91; Anastassakis 2018, p. 638.) The distance between the disks can be 

adjusted to separate the material flow by different size fractions (Anastassakis 2018, p. 638). 

An example of a disc screen system is presented in the Figure 5. 
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Figure 5. Principle of a disc screen (Chandrappa & Das 2012, p. 91). 

 

In vibrating screens, the screen is attached on top of the inclined or horizontal frame which 

is vibrating. Separation occurs through the screen best with dry materials with granular 

outcome. It is used to process CDW and municipal solid waste. (Anastassakis 2018, p. 637.) 

Flip-flop screen, also known as Flip-flow screen and Elastic Mesh, can be classified as high 

frequency vibratory screens (IFE Aufbereitungstechnik GmbH 2023). The operation is based 

on vibration and flexible screen media. Material travels across the flexible screen panels 

which are attached to the inclined frame that is vibrating in different directions. 

Simultaneously, elastic screens stretch and relax (Figure 6) making materials jump on the 

screen allowing finer particles, the fine fraction, pass through the screen while larger 

particles, the oversize material, move forward on the flexible screen panels. The basic 

principle of the flip-flop screen is presented in the Figure 7.  

Flip-Flop screen is utilized by many industries to separate for example CDW, municipal 

waste, compost, shredded, and other difficult materials. (AEI 2023; IFE 

Aufbereitungstechnik GmbH 2023). The main benefit of flip-flop screen over other screens 

is that the screens do not get jammed even with difficult material flows due to the flexible 

screen panels (IFE Aufbereitungstechnik GmbH 2023). 



 

 

39 

 

Figure 6. Flexible screen media of flip-flop screen as stretched and relaxed (modified Pelton 

2013). 

 

 

Figure 7. Principle of a flip-flop screen. 

2.6.4  Ballistic separator 

With ballistic separator, different waste flows including CDW, can be processed. Solid waste 

is separated based on particleôs size, shape, and density into three fraction which are 3D 

rolling material, 2D flat material, and fine material, in the ballistic separation. Waste stream 

is fed into series of paddles that rotate offset against each other. Moving paddles with screen 
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plates attached to the frame in angle make the material bounce up or down the slope 

depending on materialôs characteristics. Flat materials, the 2D fraction, will move up while 

the rolling elements, the 3D-fraction, move to opposite direction on the paddles. The fine 

particles will drop through the screens in paddles. (Anastassakis 2018, p. 660.) Basic 

function of ballistic separator is presented in the Figure 8. 

 

 

Figure 8. Basic principle of ballistic separator. 

2.6.5  Separation with air 

Separation with air is based on the density difference between different waste materials 

(Chandrappa & Das 2012, p. 90; Anastassakis 2018, p. 649). In density-based separation 

mainly two fractions are achieved. In solid waste separation, light fraction is typically 

composed of organic materials such as paper and plastic, and the heavy fraction contains 

inorganic materials like metals, construction debris and heavy plastics. (Anastassakis 2018, 

p. 649.) 

Air separators are also known as windshifters and they function in horizontal, vertical or 

diagonal direction depending on which direction air is blown into separation chamber. In 

horizontal air separator, solid material flow is moving on a conveyor belt. Air is blown in 

horizontal direction behind the feeding point into waste stream lifting light fraction which is 

recovered with the help of suction while the heavy fraction remains on the conveyor belt. 
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With vertical (Figure 9A) and diagonal separators, material stream goes through the air-

locked device keeping aerodynamic conditions constant in the separation chamber. Heavy 

fraction will drop down while the light fraction is sucked through a duct into an expansion 

chamber where the aspirated air is expanded, and the light fraction will finally drop down to 

be collected. Also, a drum can be attached to the air separator in case of a high content of 

light materials to achieve two or three fractions. (Anastassakis 2018, p. 649-650.) 

Air cyclone is also known as centrifugal separator and is a gravity-based separation method 

used in the solid waste separation and mineral processing. Material is fed into cyclone 

tangentially. Heavier particles, the underflow, are following a spiral orbit of decreasing 

radius inside the cyclone. The underflow is recovered at the bottom of the cyclone 

periodically or continuously trough a system that keeps the aerodynamic conditions stable 

inside the cyclone. Light fraction, the overflow, contains mainly dust and fine light materials 

and is recovered by air above of the cyclone. (Anastassakis 2018, p. 652.) The basic principle 

of air cycloneôs function is presented in the Figure 9B. 

 

  

Figure 9. Basic principle of A) an air separator with vertical air blow (Nihot 2023), and B) 

an air cyclone (modified Anastassakis 2018, p. 653). 

 

Air jig s, also known as dry jigs and pneumatic jigs, are used traditionally in mineral 

processing but they are currently utilized also in the recycling plants to separate materials 

based on density. Material is fed into air jig device via vibration driver into inclined 

perforated deck with upward pulsated and continuous air streams which loose material 
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stream and improve particlesô density stratification. Air separate heavy particles from the 

lighter ones. Dust collection system is utilized to control dust that is generated during the 

process. Also, a rotary star discharge gate is used for withdrawal of high-density particles. 

This separation technique works only with materials with particle sizes close to each other, 

and sizes greater than 2 mm but typically smaller than 50 mm. The most efficient separation 

is achieved when the gravity properties are far from each other, and the moisture content is 

low to prevent clumping and to enable fluidization. (Chelgani & Neisiani 2022, p. 62-64, 

80-81; Anastassakis 2018, p. 652.) Basic principle of air jig is presented in the Figure 10. 

 

 

Figure 10. Basic principle of air jig (Ambrós 2020). 

 

Air table can be called also as pneumatic table, and they are used in mineral processing and 

in recycling of secondary materials such as scrap glass, and scrap wires from its insular. It 

is density-based separation method, and functions similarly to air jig. Material is fed via 

vibrating feeder into porous deck in an inclined angle under which there is an electric blower 

creating an upward airflow. On top of the porous deck there are riffles in transverse direction 

to the material flow. Particles will spread and lift with help of the vibration motion of the 

deck and the air flow. Once the bed of particles falls, material is stratified based on density. 

Denser particles will settle down on the deck and move through channels down to collecting 
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bin while lighter particles will float and get fluidized and drift down the deck caused by 

gravity deck being in inclined angle. Separated particles must be close to each other in size, 

and between sizes of 0-75 mm at least in mineral processing purposes depending on the used 

device, materials, and parameters. (Chelgani & Neisiani 2022, p. 65-67, 78-80.) The basic 

principle of air table is presented in the Figure 11. 

 

 
 

Figure 11. Basic principle of air table (modified Chelgani & Neisiani 2022, p. 66; Dodbiba, 

Shibayama, Miyazaki & Fujita 2003, p. 73). 

 

In mineral processing, the Air dense medium fluidized bed separator (ADMFBS) can be 

used to create a fluidization bed by combining air with specific medium particles such as 

magnetic powder, magnetic pearls, silica-zircon sand, or a mixture of fine coal and 

magnetite. It is a dry separation technique based on density where particles are suspended 

by flowing gas to make them move like a fluid. The bed starts to fluidize when the pressure 

is slightly greater than the statistic pressure of the bed. The separation occurs when particles 

with higher density than fluid bed will sink, and lighter particles start to float. Many 

parameters affect to function and separation efficiency of this technique such as mineral 
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characteristics, air distribution features, gas properties, and minimum fluidization velocity 

as the most important one. ADMFBS works with particles between 5-50 mm as an input 

feed depending on the medium material and its particle size. (Chelgani & Neisiani 2022, p. 

68-83.) The basic principle of ADMFBS is presented in the Figure 12. 

 

 

Figure 12. Basic principle of the Air dense medium fluidized bed separator (modified 

Chelgani & Neisiani 2022, p. 73). 

2.6.6  Magnetic separation 

Ferrous metals can be recovered from the waste stream through magnetic separation which 

is based on electromagnetism. Most typical magnets used in solid waste separation are head 

pulley magnets, magnetic drums, suspended belt magnets, and magnetic plates (Figure 13). 

In head pulley magnetic separation, the waste stream is moving on a conveyor belt where 

one end is replaced by a magnet. At the end of the conveyor belt, non-ferrous materials will 

drop down while the ferrous metals stay longer in contact with the conveyor belt due to the 

magnet. In magnetic drum separation, magnet is mounted inside the rotating drum. The 

waste stream is fed onto the drumôs surface making the ferrous materials attach to drum 

surface caused by a magnet while non-ferrous materials will drop down by the gravity. In 

suspended magnetic separation, permanent magnetic core covered by a conveyor belt is 

attached above the thin waste stream in parallel or perpendicular in relation to the waste 
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stream. As with other magnetic separation methods, ferrous metals will be attached to 

magnet separating them from the waste stream. Magnet plates are typically attached above 

the waste stream which is moving on a conveyor belt. This separation method is used to 

separate low amounts of ferrous metals from waste stream because metals must be removed 

manually from the magnet. (Anastassakis 2018, p. 653-657.) 

 

 

 

 

 

 

Figure 13. Basic principles of magnetic separators. A) Head pulley magnetic separator 

(modified Chandrappa & Das 2012, p. 96; Anastassakis 2018, p. 654). B) Magnetic drum 

separator (Anastassakis 2018, p. 655). C) Suspended magnetic separator. D) Magnet plate 

separator. 
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2.6.7  Eddy current separation (ECS) 

Eddy current separation (ECS) is used to separate non-ferrous metals, such as aluminum, 

copper, brass, and zinc, from the waste stream. Ferrous metals are removed from the waste 

stream before ECS by a magnet. Typically, the waste stream is fed via vibrating table into 

conveyor. The aim of the vibrating table is to spread the material into even layer to conveyor 

belt. At the end of the conveyor there is a rotating array of permanent magnets which create 

a time-varying magnetic field. Magnetic field creates electrical currents through the volume 

of the non-ferrous particle. Constantly varying magnetic field causes change in directions of 

eddy currents to induce themselves with time-varying magnetic field as well to resist the 

change. Non-ferrous metallic particles will have a different motion compared to other waste 

fractions at the end of the conveyor caused by Lorentz force which is a combination of 

electric and magnetic forces. Non-ferrous metallic particles will flow away caused by those 

forces at the end of the conveyor while other fractions will drop down caused by gravity. 

(Chandrappa & Das 2012, p. 95; Smith, Nagel & Rajamani 2019, p. 149-151; Peura 2020, 

p. 13-16). The principle of ECS is presented in the Figure 14. 

 

 

Figure 14. Eddy current separator with a vibrating feeder and belt-driven rotary drum (Smith 

et al. 2019, p. 151). 
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Particles with size range of 2-55 mm are suitable for this separation method. Still, by 

adjusting the parameters of the equipment, the size range could be wider. (Peura 2020, p. 

24.) Separation efficiency of eddy current separator is dependent on the properties of the 

particles, such as the size, shape, and the relation of density and electrical conductivity of a 

non-ferrous metallic particles, the equipment and its parameters, and the moisture content of 

the waste stream (Peura 2020, p. 26, 41). 

2.6.8  Electrostatic separation 

Electrostatic separation is based on materialôs electric conductivity, but it is also influenced 

by particleôs density, size, moisture, and surface purity. There are two types of electrostatic 

separators: conductive induction and corona charging. With electrostatic separation it is 

possible to sort nonconducting materials such as paper, plastic, and glass, from conducting 

metallic materials. Also, separation of nonconducting materials from each other is carried 

out by separating plastics from paper, glass from plastics, and plastics from each other. Still, 

this sorting technology is not yet applied widely on waste separation purposes. (Anastassakis 

2018, p. 659-660.) 

In electrostatic separation by conductive induction, material is fed via hopper into charger 

roll. Conducting particles will repel the roll because of similar charge in the roll causing 

particles to move forward from the roll while dielectric particles drop down by the gravity. 

In corona charging, waste flow is fed into grounded rotor through a corona discharge to 

charge particles by ion bombardment. Conductive particles will lose their charge caused by 

the grounded rotor making them tear away from the rotor while nonconducting particles lose 

their charge slower making them to stay longer on the rotorôs surface. (Anastassakis 2018, 

p. 659-660.) The basic principles of electrostatic separation by conductive induction and 

corona charging are visible in the Figure 15. 

 



 

 

48 

 

  

 

Figure 15. Electrostatic separation by A) by conductive induction, and B) corona charging 

(Anastassakis 2018, p. 659-660). 

2.6.9  Sensor based separation 

Color, X-ray transmission, laser-inducted breakdown spectroscopy (LIBS), X-ray 

fluorescence (XRF), near infrared (NIR), magnetic induction (MI) sensors, and combination 

of these can be used for sensor-based sorting method to separate waste based on particlesô 

optical, chemical, or physical properties. Particles must be on a conveyor belt in one layer 

individualized from each other to ensure identification. Size reduction and utilization of 

vibrating feeder could increase separation rate. Identification is performed by an emission-

detection principle. Radiation is emitted to particleôs surface moving on a conveyor belt and 

redirecting to detector which detects attributes of the spectrum. Simultaneously, data about 

the spectrum is transmitted to computer which compares the results against programmed 

criteria and sends information about the particle, such as its shape and position on a conveyor 

belt, to air valves. Depending on the programming criteria, particle can either stay on a 

conveyor belt or be blown away from the waste steam by air. (Anastassakis 2018, p. 642-

643.) 

Color sorting principle is based on particlesô color difference, brightness, transparency, size, 

and shape. Typically particles between size range of 5-250 mm can be identified. 

Transmitted light system is used to identify transparent particles while the reflected light 

system identifies non-transparent materials. Color sorting is successfully used to separate 
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different shades of glass, plastic bottles, and non-ferrous metal in industrial scale. 

(Anastassakis 2018, p. 643-644.) 

Near Infrared (NIR) separation utilizes wavelength between 70-2500 nm and is based on 

how materials reflect light. Organic materials such as plastic, wood, paper, and cardboard, 

with particle size between 10-250 mm can be separated from mixed waste with NIR sensors. 

Although NIR identification is applied widely to plastic waste separation, it has also some 

limitations. Identification of black pigments is not possible because they absorb all the light. 

Also, materialôs thickness, transparency and labels on the surface have an impact on the 

identification. (Anastassakis 2018, p. 644; Zhao & Li 2022.) 

X-Ray fluorescence (XRF) separation is carried out by pointing X-ray radiation with various 

energies via X-ray tube to atoms of the analyzed material. The absorbed energy excites the 

inner shell electrons and causes their emission to outer shells. If the offered photo energy is 

low, electron returns to initial electron shell, and the photon is emitted with a specific 

wavelength. If the energy is high enough, electron leaves the atom and is replaced by electron 

from the outer shell while simultaneously emitting an X-ray photon with a specific energy 

level. Material can be identified when the fluorescence is measured by a sensor. XRF unit 

can identify for example non-ferrous metals from ferrous materials, and inorganic fractions 

from organic fractions. Still, its wider use is still limited due to high cost. (Anastassakis 

2018, p. 644-645.) 

With X-Ray Transmission (XRT) separation, analyzed material can be identified through its 

volume by an X-Ray sensitive camera and a computer software. Other identification methods 

analyze only materialôs surface but still, the particles with different size but same density, 

will transmit X-rays at different intensities making material identification and therefore 

separation inaccurate. To overcome this problem, Dual-Energy X-Ray Transmission (DE-

XRT), which is a modification of XRF and XRT, can be used in waste separation purposes. 

Two X-Ray beams are pointed to analyzed material with both low and high energy levels. 

Sensor with two channels registers X-rays at different energy levels that are penetrated to 

the material and converts information into digital image with different shades of grey caused 

by the intensity of the received X-ray radiation attenuated by each particle. In addition, 

particleôs shape, size, thickness, and texture can be evaluated through material classification. 

This identification technique is used to sort metals, plastics, and inorganic matters in 

recycling industry. (Anastassakis 2018, p. 645.) 
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In Laser-Induced Breakdown Spectroscopy (LIBS), high energy pulsed laser is focused on 

a small area of the analyzed material. Laser ablates small amount of the surface and generates 

a plasma plume that expands and cools down rapidly. Material can be analyzed by collecting 

the atomic emission lines. In sorting purposes, a limitation of this technique is that the 

material must be free from coatings because the laser penetrates only surface layer. 

(Anastassakis 2018, p. 646.) Still, separation of aluminum alloy, wrought and cast alloys, 

plastics, and materials in automobile applications are carried out with LIBS technique 

(Anastassakis 2018, p. 646; Zhao & Li 2022). 

Magnetic Induction (MI) separation is based on particlesô MI difference. In separation 

purposes, the waste flow is moving on a conveyor belt under which there is a coil and sensors 

that analyses material. Detected metals moving on a conveyor belt are separated by the signal 

from sensors and with the help of compressed air jets while the rest of the material will drop 

down by the gravity. This method is suitable for sorting ferrous and non-ferrous particles 

that are not recovered with eddy current or magnetic separation, to separate metals by their 

type, and to process electronic waste. (Anastassakis 2018, p. 647.) 

2.6.10  Robots 

Waste materials, like CDW, can be sorted by robots. The function is based on sensory fusion, 

data mining, machine learning and real-time robotics. Sensory fusion combines multiple 

sensor systems such as NIR and visible NIR spectra cameras, 3D laser scanners, haptics, and 

transillumination. (Anastassakis 2018, p. 647-648.) For example, Remeo Group Oy in 

Finland utilizes Zen Roboticsô Heavy Picker robots with artificial intelligence to sort 

construction waste materials (Remeo Group Oy 2021; Terex Corporation 2023). Robots with 

multiple robot hands are used at Remeo Group Oy in Viikki for sorting construction 

materials after screening. Screening must be done for the construction waste to ensure that 

the waste flow is in proper size and shape for robots, and to separate other materials, such as 

metals, out of the waste flow. (Remeo Group Oy 2021.) 

Materials that are handled by robots in Remeo Group Oy are mainly wood, metal and 

aggregates with the weight of 1-20 kilograms. The advantage of robots is that they can work 

nonstop, and salary costs per shift are decreased. Also, robots can divide waste flow into 

different material groups as programmed quite reliably with high sorting efficiency 
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(Käenmäki 2018; Anastassakis 2018, p. 649). Still, mis-sorting is possible because 

construction materials are sometimes hard to recognize from each other (Käenmäki 2018). 

2.7  Applications for CDW materials 

According to waste hierarchy, CDW like other waste streams should be utilized primarily as 

a material. The utilization as energy should be considered after no reasonable use as a 

material exists. In common for the use of waste as a recycled material is that the waste 

material must be clean to ensure the quality. Best way to influence on purity and cleanliness 

of waste material is to collect different waste fractions separately already at the construction 

and demolition sites. 

Depending on the construction project, the share of concrete waste out of the total amount 

of CDW vary between 40%-85%. Crushed concrete waste is barely used as it is and usually 

it is downgraded into aggregates. Recycled concrete aggregates can be used in the road-base 

fillings, or as a recycled aggregate in new concrete manufacturing. (Gálvez-Martos et al. 

2018, p. 168.) Still, the use of concrete waste in manufacturing new concrete is quite rare 

due to high quality and purity demands (Lehtonen 2019, p. 67). In addition, natural 

aggregates cost as much as the recycled ones in certain European countries making the use 

of recycled concrete aggregate as a material challenging (Gálvez-Martos et al. 2018, p. 168). 

Utilization of concrete waste in earth constructions in Finland requires either environmental 

permit or registration procedure in a case when material fulfills MARA regulation's quality 

requirements, such as the maximum particle size being below 90 mm. High quality concrete 

waste can be utilized also in infra structure applications as a CE marked aggregate to replace 

natural aggregates saving natural resources and therefore, following the waste hierarchy. 

(Lehtonen 2019, p. 66-67.) 

Greenhouse gas emissions of the recycled concrete aggregates are highly dependent on the 

transportation distances (Gálvez-Martos et al. 2018, p. 168). In addition, there is always a 

risk that the recycled materials are containing some hazardous materials. For example, 

hazardous polychlorinated biphenyl substances were used in 1960ôs in cement constructions. 

To prevent those hazardous materials ending up into secondary materials produced from 

demolition waste, guides, tools and assessments methods given by European Commission 
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about assessment of release of dangerous substances should be followed. (Gálvez-Martos et 

al. 2018, p. 174.)  

Crushed bricks from constructions and demolition can be utilized according to MARA 

regulation in non-loaded earth structures like embankments. Also, brick waste can be used 

as a base material for green roofs. (Lehtonen 2019, p. 68.) Clean asphalt waste can be used 

as a raw material for new asphalt production, or as crushed in earth constructions if fulfilling 

the requirements in MARA regulation, and once informing the reginal ELY center. Asphalt 

waste is landfilled if it is contaminated with chemicals such as fuel. (Lehtonen 2019, p. 75) 

Impregnated wood waste is defined as hazardous waste, and it can be utilized as energy in 

co-incineration plants. Untreated wood can be used as wood fibers and chips in composite 

products, wood panel production, and in recycled insulators. It is utilized also as energy. In 

Finland, the use of recycled wood from CDW in new products might be marginal due to the 

availability of virgin wood. (Lehtonen 2019, p. 64, 70.) 

Metals from CDW are used as a raw material in production of new metals. They are valuable 

waste fraction being the only material group in CDW which is even paid in Finland. Plastic 

from CDW ends up typically to energy production. (Lehtonen 2019, p. 71, 74.) 

Clean mineral wool waste, typically as a leftover material from new constructions, can be 

used as a raw material in new mineral wool production. Insulation materials from demolition 

made of expanded polystyrene, extruded polystyrene, polyurethane, and mineral wool are 

typically utilized as energy or landfilled. (Lehtonen 2019, p. 75-76.) 

Both plasterboard and glass would be important to collect separately already at demolition 

and construction sites to ensure their use as a secondary material because they are hard to be 

separated at waste treatment facility. Clean plasterboard waste can be used as a material in 

plasterboard manufacturing. However, plasterboard is crushed into fine particles due to its 

characteristics during the waste treatment process ending into fine fraction that is utilized in 

landfill constructions. Glass waste can be used as a raw material for new glass production 

and in foam glass production if it is separated from other waste fractions in construction site. 

(Lehtonen 2019, p. 69, 72.) 

Roofing felt containing bituminous from CDW would be important to separate from other 

waste fractions already in the construction and demolition sites to ensure its further use as a 

material. It can be crushed and used in asphalt production to replace virgin bituminous. It is 
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also landfilled and utilized as energy especially when it is attached to other materials. 

(Lehtonen 2019, p. 72.) 

In general, the price of a secondary material should be competitive enough against virgin 

materials without forgetting technical features needed for the application. Also, from the 

secondary materials point of view it would be important to reduce greenhouse gas emissions 

by preparing the material for reuse near to its place of origin and by using it as near as 

possible. Finally, it must be ensured that the secondary material does not contain any 

hazardous materials that can cause harm for human health or the environment. 
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3  Material & Methods 

Fine fraction from CDW studied in this thesis was collected from Ekokaari Oy. Fine fraction 

was prepared through size reduction, combustion, and screening into various particle size 

classes. Concrete test specimens out of fine fraction were manufactured to obtain strength 

properties. Fine fractionôs elemental composition was defined via EDS analysis, and material 

composition was determined through mechanical separation. Fine fractionsô shape was 

defined into various length classes with L&W Fiber Tester. Theoretical density was 

determined from the test specimens. Moisture content and dry density were defined from the 

fine fraction as well. 

3.1  Waste treatment at Ekokaari Oy 

Ekokaari Oy offers waste treatment services at Keltakangas, Kouvola, Finland. The services 

offered by Ekokaari Oy are the processing of mixed construction waste, processing of energy 

waste, storage services, sorting field services, treatment of oily soils and oil-water mixtures, 

and the treatment of liquid waste. (Ekokaari Oy 2023b.) Waste treatment in Ekokaari Oy is 

currently focusing on to prepare waste for energy and material purposes instead of 

landfilling. This will significantly decrease the need for landfilling. (Ekokaari Oy 2023c.) 

The waste treatment process of Ekokaari Oy contains a shelter for sorting, crushing machine, 

sorting line, and storages for waste. The shelter for sorting is 3200 m2 in size. It protects the 

waste from rain, allows waste treatment action throughout the year despite of the weather, 

improves the quality of waste fractions, and reduces harm caused for the environment by 

preventing waste, dust, and noise to be spread. (Ekokaari Oy 2023c.) Shelter can be seen in 

the Figure 16. 

When waste arrives to Ekokaari area, it is weighted and inspected by an employee. After 

that the waste will be unloaded to sorting field. Fire waste will be collected and stored 

separately and treated 1-4 times a year depending on the need. At sorting field, notable waste 

fractions will be pre-sorted mechanically by an employee into eight different sections. 

(Ekokaari Oy 2023d.) Practice of mechanical pre-sorting can be seen in the Figure 16.  



 

 

55 

Pre-sorted sections are: 

¶ Energy fraction: plastic (not PVC), cardboard, paper, wood 

¶ Recycled wood: wood, planks, battens, wooden boards, chipboards, plywood, pallets 

¶ Metals: Metals, metal-containing materials 

¶ Gypsum containing waste: Gyproc sheets, gypsum-containing materials 

¶ Sorting residue to landfill (KL5): insulating wool, glass fibers, PVC plastic (pipes, 

hoses, floor coverings, electric cables) 

¶ Polyethylene (PE) plastic pipes 

¶ PE containers 

¶ Sorting line fraction: Mixed waste not belonging to any of the above sections. 

(Ekokaari Oy 2023d.) 

Energy fraction will be transferred to the crushing line of an energy fraction. Recycled wood 

will be transferred to storage and crushed later. Metals, gypsum containing waste, PE pipes 

and PE containers will be transferred into separate storages to wait their pick-up. KL5 will 

be moved to landfill. Sorting line fraction will be transferred into sorting line for further 

separation. (Ekokaari Oy 2023d.) 

 

 

Figure 16. Mechanical pre-sorting of mixed waste under the shelter at waste treatment plant 

of Ekokaari Oy. 
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3.1.1  Sorting line process at Ekokaari Oy 

At sorting line, waste will be processed into different sections based on materialsô properties 

(Ekokaari Oy 2023e). Waste treatment equipment to process and sort waste streams at 

Ekokaari Oy are: 

¶ Crusher 

¶ Drum screen 

¶ Flip-flop screen 

¶ Wind screen 

¶ Ballistic separator 

¶ Eddy current separator 

¶ Optical separator 

¶ Magnets 

First stage of the sorting line process after mechanical pre-sorting is the crushing. Crushed 

waste will be transferred via magnet into drum screen. Ferromagnetic fractions from magnet 

will be transferred into storage. At drum screen the waste is separated into two fractions 

which are oversize and fine fraction. Particles with size less than 60 mm are referred to drum 

screenôs fine fractions, and particles with size over 60 mm are called as drum screenôs 

oversize. Fine fraction from drum screen is transferred to the flip-flop screen via magnet. 

Ferrous metals will be stored. Flip-flop screen will separate the waste stream into two 

fractions based on particle size. Flip-flop screenôs oversize are particles with size between 

15-60 mm, and the fine fractions are particles with the particle size below 15 mm. Fine 

fraction from the flip-flop screen is stored and currently utilized in the landfill structures. 

(Ekokaari Oy 2023e.)  

Material to be studied in this masterôs thesis is the flip-flop screenôs fine fraction from 

Ekokaari Oy. Flip-flop screenôs fine fractionôs output at waste treatment line of Ekokaari 

Oy, and the appearance of the fine fraction in outdoor conditions from flip-flop screen can 

be seen in the Figure 17. The waste stream flow chart from mechanical pre-sorting to flip-

flop screen at Ekokaari Oy waste treatment sorting line can be seen in the Figure 18.  
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Figure 17. A) The output of flip-flop screenôs fine fraction at waste treatment line at Ekokaari 

Oy. B) The appearance of flip-flop screenôs fine fraction in outdoor conditions at Ekokaari 

Oy. 

 

A B
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Figure 18. Overview of the waste stream flow chart from pre-processing to flip-flop screen 

at Ekokaari Oy waste treatment sorting line.

M
ec

h
an

ic
al

 
p
re

-s
o
rt

in
g

En
er

gy
 

fr
ac

ti
o
n
* 

R
ec

yc
le

d
 

w
o
o
d
* 

M
et

al
s*

 

So
rt

in
g 

lin
e 

fr
ac

ti
o
n
 

K
L5

* 

P
E 

p
la

st
ic

 
p
ip

es
*

P
E 

co
n
ta

in
er

s*

C
ru

sh
in

g
D

ru
m

 s
cr

ee
n

O
ve

rs
iz

e:
>
 6

0
 m

m

Fi
n
e

fr
ac

ti
o
n
:

0
-6

0
 m

m

M
et

al
s

to
 

st
o
ra

ge

Fl
ip

-F
lo

p
 

sc
re

en

O
ve

rs
iz

e:
1
5
-6

0
 m

m

Fi
n
e

fr
ac

ti
o
n
:

0
-1

5
 m

m

So
rt

in
g 

p
ro

ce
ss

 w
ill

 b
e
 c

o
n
ti

n
u
e 

b
u
t 

n
o
t 

d
es

cr
ib

e
d
 in

 t
h
is

 c
h
ar

t.

G
yp

su
m

 
co

n
ta

in
in

g 
w

as
te

*

M
et

al
s

to
 

st
o
ra

ge
Fi

n
e

fr
ac

ti
o
n

to
 s

to
ra

ge

M
ix

ed
 

w
as

te

*F
ra

ct
io

n
 w

ill
 b

e
 s

to
re

d
 t

o
 w

ai
t 

p
ic

k-
u
p
, s

to
re

d
 f
o
r 

la
te

r 
p
ro

ce
ss

in
g,

 o
r 

m
o
ve

d
 t
o
 la

n
d
fi
ll 

d
ep

e
n
d
in

g 
o
n
 t

h
e
 f
ra

ct
io

n
 t

yp
e.

So
rt

in
g 

p
ro

ce
ss

 w
ill

 b
e
 c

o
n
ti

n
u
e
 b

u
t 

n
o
t 

d
e
sc

ri
b
e
d
 in

 t
h
is

 c
h
ar

t.



 

 

59 

Flip-flop screenôs oversize is transferred to Nihot wind screen which will separate the stone-

a-like materials from the waste stream. The heavy fraction from Nihot wind screen can be 

utilized in the landfill and road structures. The light fraction from Nihot wind screen can be 

utilized as energy after pre-processing. (Ekokaari Oy 2023e.) 

Drum screenôs oversize will be transferred to ballistic separator which will divide the waste 

stream into three different fractions which are 2D-fraction, 3D-farction, and fraction with 

the particle sizes between 0-80 mm. 2D-fraction is collected and it can be used as recycled 

fuel. Fraction with the particle sizes between 0-80 mm is also collected and it can be utilized 

as fuel in power plants. 3D-fraction will stay on the sorting line and go through the belt 

magnet to collect ferromagnetic materials from the waste stream. (Ekokaari Oy 2023e.) 

After ferromagnetic metals are removed, the 3D-fraction goes to wind screen which will 

divide the waste stream into two fractions which are light fraction and heavy fraction. Light 

fraction is collected and can be utilized as energy source after further processing. Heavy 

fraction from wind screen will stay on the sorting line and go via drum magnet to the eddy 

current separator to separate the non-ferrous metals from waste stream. Metals collected by 

a drum magnet are stored. Non-ferrous metals form the eddy current separator, are stored. 

The heavy fraction from the eddy current separator can be utilized in the structures of 

landfills or roads. (Ekokaari Oy 2023e.) 

2D-fraction from ballistic separation and the light reaction from wind screen can be 

processed with optical separator. There are few options depending on the need. The fractions 

can be stored together, or processed together in optical separator, or 2D-fraction can be 

transferred to the optical separator and the wind screenôs light fraction will be stored. The 

negative fraction from optical separation will be stored with < 80 mm fraction from ballistic 

separation and will be incinerated later. The positive fraction from optical separation will be 

forwarded to solid recovered fuel production. (Ekokaari Oy 2023e.) The waste flow at 

Ekokaari Oy waste treatment line can be found as a flow chart in the Figure 19.
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Figure 19. Waste stream flow chart at Ekokaari Oy waste treatment sorting line.
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3.2  Laboratory tests 

Fine fraction sample from Ekokaari Oy was prepared for laboratory tests through crushing 

with hammer mill, via combustion and by distributing material according to particle sizes. 

Fine fractionôs quality and properties were analyzed via compressive strength tests, particle 

size, composition, particle shape, and moisture content analysis. Also, the dry and theoretical 

densities were defined. Testing procedures are presented in the following chapters. 

3.2.1  Sample collection 

Fine fraction sample that was analyzed in this masterôs thesis was collected from Ekokaari 

Oy on 17.11.2021 and is from flip-flop screen. Fine fraction was stored at Ekokaari Oy in 

outdoor conditions without cover (Figure 20A). The collected sample size was around 100 

kg, and it was transferred in a large bag to LUT Universityôs facilities in Lappeenranta where 

it was stored in an unheated but covered storage (Figure 20B). The temperature of the storage 

was varying by the outdoor conditions meaning also temperatures below 0̄ C during testing 

period. 

 

Figure 20. Fine fraction at A) Ekokaari Oy, and B) LUT Universityôs storage. 

A B 
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3.2.2  Sample preparation 

Test sample of 5 kg of fine fraction was collected into a bucket from LUT Universityôs 

storage on 8.2.2023. The bucket was weighted both empty and in full to reveal exact amount 

of fine fraction. The sample was treated with hammer mill to bring it into finer form. Particle 

size of the sample was 15 mm or below before size reduction with hammer mill. Some 

narrow but longer than 15 mm particles existed in the sample because they were passed 

through the screen in the waste treatment facility of Ekokaari Oy. The hammer mill that was 

used in this study was Retsch SK300 Cross Beater Mill (Figure 21). 

The screen size that was used in the hammer mill was 4 mm (Figure 21C). The speed was 

set to 3000 rpm. Material was fed via hopper with a scoop (Figure 21D) with slow continuous 

input. The bucket below the machine was emptied into separate container once it was full. 

The amount of crushed fine fraction was defined after the size reduction by weighting the 

container being empty and full. 

 

 

Figure 21. A Retsch SK300 Cross Beater Mill. A) The device, B) information plate, C) 4 

mm screen, and D) material feeding with a scoop. 

D 

B 

C 
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Test sample of 9,9 kg of fine fraction was burned with liquified petroleum gas to remove 

organic materials from the sample. Material was spread on the plate in a very thin layer. Gas 

burner was held in 10 minutes in the same spot within 10 cm distance from the fine fraction 

(Figure 22). Gas burner was moved every 10 minutes until all the material was burned from 

the surface of a plate. Material was burned in six batches to ensure all organic material was 

burned properly. Remained material was weighted after the burning. 

 

 

Figure 22. Burning untreated fine fraction with liquified petroleum gas with gas burner. 

3.2.3  Particle size analysis 

Particle size analysis was made separately for the untreated fine fraction with particle size 

below 15 mm, for the crushed fine fraction with particle size below 4 mm, and for the burned 

fine fraction with the particle size below 15 mm. The amount of untreated fine fraction for 

the particle size analysis was 4 kg, the amount of crushed fine fraction was around 3,6 kg, 

and the amount of burned fine fraction was 5,4 kg. The analysis was made by using HAVER 

EML 450 Digital Plus Test Sieve Shaker by HAVER & BOECKER OHG (Figure 23). 

The screens of Test Sieve Shaker were attached on top of each other in the order of 

magnitude so that the largest screen size was at the top and the finest screen size was at the 

bottom (Figure 23C). A specific bowl was placed under the smallest screen to collect 

particles that passed through the smallest screen.  
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The screen sizes used in this analysis were: 

¶ 5,0 mm, 

¶ 2,5 mm, 

¶ 1,25 mm, 

¶ 0,8 mm (800 mm), 

¶ 0,5 mm (500 mm), and 

¶ 0,2 mm (200 mm). 

Material was fed into the largest screen with the scoop once the screens were attached on 

top of each other in the order of magnitude (Figure 23D). After filling, the screen stack was 

attached onto the device, and the lid was placed on top of the screens. The lid was tightened 

in place with two fasteners (Figure 23A). Materials were screened in batches of two or three, 

and the sections were determined visually.  

Amplitude was set to be 1,5 mm, and the interval was set to be 5 with each screening. The 

analysis was started by screening in two-minute-long sections two times and between those 

screenings the weight of one screen was determined with a scale to ensure that the process 

functions properly. With untreated and burned fine fraction, the screen size of 0,8 mm was 

scaled, and with crushed fine fraction, the screen size of 1,25 mm was scaled. After those 2-

minute-long screenings the material was screened one more time for ten minutes with same 

setting. In total, each material sample was screen for 14 minutes. The settings used in this 

analysis can be seen in the Figure 24. 

After the screening, each screen was weighted with fine fraction inside them. The accuracy 

of the scale used in this study was one decimal. Fractions were emptied from the screens into 

separate plastic bags which were also scaled empty and in full to avoid weighting errors. 

Emptied screens were cleaned carefully with brushes and weighted after that. Cleaning was 

made after each screening, but the weighting of the empty screens was done only twice. The 

amount of each material fraction was determined by subtracting the weight of empty screen 

from the weight of screen with screened material inside them. 
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Figure 23. HAVER EML 450 Digital Plus Test Sieve Shaker by HAVER & BOECKER 

OHG. A) the equipment, B) the information plate, C) utilized screen sizes, and D) filling the 

screen stack. 

 

 

Figure 24. Settings for 10 minutes long screening with HAVER EML 450 Digital Plus Test 

Sieve Shaker by HAVER & BOECKER OHG. 

A 
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B 
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3.2.4  Compressive strength analysis 

Test specimens with a shape of cube with dimensions of 150x150x150 mm and 40x40x40 

mm were manufactured from fine fraction collected from Ekokaari Oy to clarify 

compressive strength properties of the material. Larger cubes (d=150 mm) were 

manufactured according to SFS-EN 12390-1:2021 - Testing hardened concrete. Part 1: 

Shape, dimensions and other requirements for specimens and moulds, and according to SFS-

EN 12390-2:2019 - Testing hardened concrete. Part 2: Making and curing specimens for 

strength tests. Material to be used in larger cubes was both untreated fine fraction with 

particle size below 15 mm and fine fraction crushed with hammer mill into particle size 

below 4 mm. Three cubes were manufactured from both materials with dimensions of 150 

mm in each side of the cube (Figure 25A). Volume of one cube was 3,375 liters. Mould used 

to manufacture larger cubes is presented in the Figure 25B. 

 

  
 

Figure 25. A) Dimensions of the test specimens, where d = 150 mm (modified SFS-EN 

12390-1:2021, p. 6), and B) Mould for bigger test specimens (d=150 mm). 

 

Smaller test specimens with a shape of cube (40x40x40 mm) were manufactured from the 

untreated fine fraction with particle size below 15 mm, from untreated fine fraction with 

particle size of 0,5-0,8 mm, from crushed fine fraction with particle size of 0,5-0,8 mm, and 

from burned fine fraction with particle size below 0,2 mm, between 0,2-0,5 mm, 0,5-0,8 mm, 

0,8-1,25 mm, 1,25-2,5 mm, above 5 mm, and between 0-15 mm. Volume of one cube was 

B A 
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0,64 deciliters, and the particle size distributions were achieved by screening with a HAVER 

EML 450 Digital Plus Test Sieve Shaker by HAVER & BOECKER OHG. Three cubes were 

manufactured from each material. Moulds used to manufacture smaller cubes is presented in 

the Figure 26. 

 

 

Figure 26. Moulds for smaller test specimens (d=40 mm). 

 

Fine fraction materials were stored in outdoor conditions before manufacturing the cubes. 

In each cases the fine fraction was mixed with cement and water. The K20 recipe was 

followed with some modifications (Table 5). The average ratio to produce the material for 

test specimens out of fine fraction was to mix one part of cement with five parts of fine 

fraction and 1,3-3 parts of water. 

 

Table 5. Recipe to manufacture test specimens out of fine fraction (modified Finnsementti 

Oy 2023a). *The amount of water was increased compared to the K20 recipe to get suitable 

composition. 

 K20 recipe [part] 
K20 recipe modified for 

fine fraction [part] 

Cement 1 1 

Fine aggregate (0-8 mm) 2 
5 

Coarse aggregate (>8 mm) 3 

Water 0,65 1,3-3* 
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Materials were prepared the same way for both smaller and larger cubes. At first, cement 

was mixed with fine fraction (Figure 27A). After that, water was added in small portions 

while simultaneously stirring material with mixing accessory (Figure 27B). Material was fed 

with the help of a trowel into moulds treated with a thin layer of non-reactive release. 

Material was compacted during the filling by a piece of wood (Figure 27C). Once moulds 

were filled, they were one more time compacted with a piece of wood by hand but not with 

the devices mentioned in the SFS-EN 12390-2 standard. Finally, the surface of the cubes 

was levelled (Figure 27D). After the filling , cubes were stored in 20 degrees Celsius for 28 

hours to cure before they were removed from the moulds. Cubes removed from the moulds 

were sink in a container full of 20 degrees of Celsius water for 28 days before their 

mechanical properties were tested (Figure 28). 

 

 

Figure 27. Manufacturing test specimens (d=150 mm) out of fine fraction. A) Cement mixed 

with fine fraction. B) Adding water to cement-fine fraction mixture. C) Filling and 

compressing moulds. D) Moulds with smoothened surface. 

A B 

C D 
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Figure 28. Test specimens (d=150 mm) made out of crushed fine fraction stored as sunk in 

water with 20 degrees of Celsius for 28 days. 

 

After cubes were stored in water for 28 days, the compression strength test was carried out 

according to SFS-EN 12390-3:2019. Testing hardened concrete. Part 3: Compressive 

strength of test specimens standard. The compressive strength test was performed after two 

hours from taking the cubes out from water. For larger cubes (d=150mm), the compression 

testing machine from ELE was used (Figure 29A), and the speed was set to be 6,8 kN/s. 

Smaller cubes (d=40 mm) were tested by using Zwick Z020 (Zwick Roell group, Ulm, 

Germany) testing apparatus (Figure 29C), with 2,4 kN/s speed. Test specimens inside the 

compression test machine are visible in Figures 29B and 29D.  
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Figure 29. A) ELE (Product No. 1887B0001) compression machine. B) Test specimen 

(d=150 mm) inside the ELE compression machine. C) Zwick Z020 (Zwick Roell group, 

Ulm, Germany) testing apparatus. D) Test specimen (d=40 mm) inside the Zwick Z020 

testing apparatus. 

3.2.5  Composition analysis 

Composition was analyzed from fine fraction with particle size above 5 mm achieved from 

particle size analysis by screening. Material was stored in outdoor storage before the 

composition analysis. Two analyses were made with 100 g sample size in both analyses. 

Samples were collected randomly by mixing the material before sample collection to ensure 

reliable distribution of different fractions. Scale with two decimal accuracy was used to 

prepare samples and to capture results. 

A B 

C D 
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To analyze the composition, 100 g sample was spread on the empty table (Figure 30A). 

Ferrous metals were removed from the sample by a magnet before visual separation. Sample 

was divided into 16 sections after magnetic separation by visual inspection by hand (Figure 

30B and 30C). Fine material group with small particle size was formed from the leftover 

material that remained on the table after bigger particles were divided into own groups. Each 

material group was weighted separately after manual separation to obtain results of the 

composition. The total number of material groups was 18 including fine material and ferrous 

metals. The material groups were: 

1. Aggregate  

1.1 Concrete 

1.2 Ceramic 

1.3 Brick 

1.4 Stone 

2. Asphalt 

3. Gypsum 

4. Wood 

5. Ferrous metal 

6. Glass 

7. Plastics, rubber, and Styrofoam 

7.1 Plastic 1 (hard) 

7.2 Plastic 2 (soft) 

7.3 Rubber 

7.4 Styrofoam 

8. Wool 

9. Fine material 

10. Unidentified 

11. Electric wire 

12. Textile 

 



 

 

72 

  

 
 

Figure 30. Fine fraction sample (No. 1) A) spread on the table, and B-C) divided into material 

groups (5 ï Ferrous metals missing from the figure). 

3.2.6  Elemental analysis 

Elemental composition of untreated (<15 mm) and crushed (<4 mm) fine fraction was 

analysed with Energy Dispersive X-Ray Spectroscopy (EDS) (Thermo Scientific, Waltham, 

MA, USA). Three samples were prepared from both materials, and each sample was 

analysed twice. Therefore, six results were obtained from both materials. The size of each 

sample was 10x10x10 mm. Samplesô surfaces were smoothed to obtain proper results. 

1 

3 

4 

6 
7.1 

7.4 

7.2 

7.3 

8 

10 

9 

9 

11 

12 

1.2 

1.1 

1.4 

C 

B A 



 

 

73 

Leaching test was performed for untreated fine fraction (<15 mm) from Ekokaari Oy 

according to ñCEN/TR 16192:2020 Waste. Guidance on analysis of eluatesò. The ratio 

between solution and solid material was 10 (L/S 10). For this study, one result from year of 

2019, two results from 2020, and three results from 2021 was used to calculate the variation 

of elemental content. The elements to be analysed and the minimum content of element to 

be observed were antimony (0,05 mg/kg), arsenic (0,2 mg/kg), barium (4 mg/kg), cadmium 

(0,01 mg/kg), chromium (0,1 mg/kg), copper (0,4 mg/kg), mercury (0,002 mg/kg), 

molybdenum (0,1 mg/kg), nickel (0,1 mg/kg), lead (0,1 mg/kg), selenium (0,03 mg/kg), zinc 

(0,8 mg/kg), fluorine (2 mg/kg), chlorine (160 mg/kg) and sulfate (200 mg/kg). If observed 

content in result is marked to be below the value of the minimum content of elements, the 

presence of the element is either under the limit or the element does not present in the sample. 

3.2.7  Particle shape analysis 

Particle shape of untreated, crushed and burned fine fraction with particle sizes of <0,2 mm, 

0,2-0,5 mm, 0,5-0,8 mm, 0,8-1,25 mm and 1,25-2,5 mm achieved through screening was 

analyzed with L&W Fiber Tester ï Code 912 device. The results were obtained via computer 

with a specific software. The device is designed to analyze length, width, amount of fines, 

shape factor and coarseness of cellulose fibers with length up to 7,5 mm. Objects with length 

over 0,2 mm and length to width ratio over 4 were defined as fibers. Objects with length 

below 0,2 mm were defined as fines. 

0,1 grams of fine fraction was mixed with 100-200 milliliters of water in a beaker. Scale 

with 4 decimal accuracy was used. Analyzing time was set to be 200 seconds, and the sample 

type was set to be ñsampleò in a specific software connected to the L&W Fiber Tester. Three 

samples were tested with each material type and particle size. Reports of the results were 

exported from the software after all samples were analyzed. Results considered in this study 

are number of fibers, mean length, mean width, and mean shape of fibers. 

3.2.8  Moisture content analysis 

The moisture content was analyzed on 18.11.2021 and on 8.2.2023 from the untreated fine 

fraction sample stored at LUT Universityôs storage in a large bag. The analysis was made 
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according to SFS-EN 1097-5:1990 Tests for mechanical and physical properties of 

aggregates. Part 5: Determination of the water content by drying in a ventilated oven. 

In both analysis, four samples were prepared with 100 g of fine fraction in each. Samples 

were collected from the top of the bag, from the middle layer of the bag, from the bottom of 

the bag, and finally the sample was mixed and one more sample was collected to obtain 

reliable moisture content results. The total number of samples were 4x100g in both analyses. 

Moisture content was analyzed by weighting the samples before inserting them into the 

ventilated drying oven for 24 hours with 103̄C. After being 24 hours in oven, samples were 

weighted.  

The moisture content (w) was calculated with the following equation: 

 

ɤ = 
M1-M3 

M3
 Ĭ 100     (1) 

 

where M1 is the mass of the sample before drying (in grams), and M3 is the mass of the 

sample after drying in over (in grams). 

3.2.9  Dry and theoretical density analysis 

Dry density [g/l] of fine fractions were obtained by using one litre scoop. The scoop was 

filled with fine fraction and the material was weighed in grams with integer precision. Dry 

density was determined for untreated fine fraction with particle sizes of 0,5-0,8 mm and 0-

15 mm, for crushed fine fraction with particle sizes of 0,5-0,8 mm and 0-4 mm, and for 

burned fine fraction with particle sizes of <0,2 mm, 0,2-0,5 mm, 0,5-0,8 mm, 0,8-1,25 mm, 

1,25-2,5 mm, 2,5-5 mm, 5-15 mm and 0-15 mm. 

Theoretical density [kg/m3] of each test specimens with a shape of cube was determined 

before compressive tests by measuring the sides of each cube with thrust gauge, and by 

weighting the cubes with a scale. Volume [m3] of each cube was calculated by multiplying 

cubeôs length, width, and height by each other. The density was calculated by dividing the 

cubeôs weight by its volume. 



 

 

75 

4  Results 

Laboratory tests were performed with untreated and processed fine fractions. Compressive 

strength tests were performed for concrete test specimens of which theoretical densities were 

defined as well. Fine fractionsô dry density, particle size and shape, elemental and material 

composition, and moisture content were also analyzed. Results are presented in the following 

chapters. 

4.1.1  Particle size distribution 

4,0 kg of untreated fine fraction with particle sizes below 15 mm, 3,6 kg of crushed fine 

fraction with particle size below 4 mm, and 5,4 kg of burned fine fraction were screened into 

seven fractions with HAVER EML 450 Digital Plus Test Sieve Shaker by HAVER & 

BOECKER OHG. As a result, the greatest share of untreated fine fraction was particles with 

size above 5 mm, the greatest share of crushed fine fraction was particles between 0,5 - 0,8 

mm, and the greatest share of burned fine fraction was particles below size of 0,2 mm. With 

untreated and crushed fine fraction, the smallest section was particles below particle size of 

0,2 mm. With burned fine fraction the smallest share was with particles between 0,8-1,25 

mm. The size distribution results in grams and percentages of fine fraction are presented in 

the Table 6 and Figure 31. Visual appearance of particle size distributions is presented in the 

Figure 32. 
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Table 6. Particle size distribution of untreated fine fraction (<15 mm), crushed fine fraction 

(< 4 mm), and burned fine fraction achieved by screening. 

Size distribution 
Untreated fine fraction 

(<15 mm) 

Crushed fine fraction 

(<4 mm) 

Burned fine fraction 

(<15 mm) 

 [g] [%] [g] [%] [g] [%] 

<0,2 mm 3,2 0,08 22,45 0,64 1420 26,12 

0,2-0,5 mm 80,1 2,03 282,9 8,13 890 16,37 

0,5-0,8 mm 588,1 14,88 1557,85 44,74 460 8,46 

0,8-1,25 mm 320,2 8,10 519,4 14,92 317 5,83 

1,25-2,5 mm 767,1 19,41 861,3 24,74 500 9,20 

2,5-5 mm 677,2 17,14 237,75 6,83 499 9,18 

>5 mm 1515,2 38,35 0 0 1350 24,83 

Total 3951,1 100 3481,65 100 5436 100 

 

 

 

Figure 31. Particle size distribution in percentages for untreated fine fraction (<15 mm), 

crushed fine fraction (<4 mm), and for the burned fine fraction (<15 mm) generated during 

screening. 
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Figure 32. Visual appearance of particle size distribution for untreated fine fraction (<15 

mm), crushed fine fraction (<4 mm), and burned fine fraction (<15 mm) achieved by 

screening. Particle size classes are marked at the top of the figure.
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4.1.2  Compressive strength 

Test specimens with a shape of cube (d=150 mm) for compressive strength analysis were 

manufactured according to SFS-EN 12390-1 and SFS-EN 12390-2 out of untreated fine 

fraction with particle size below 15 mm and from crushed fine fraction with the particle size 

below 4 mm. Smaller test specimens with a shape of cube (d=40 mm) were manufactured 

from untreated fine fraction with particle size below 15 mm, from crushed fine fraction with 

particle size below 4 mm, from untreated and crushed fine fraction with particle size between 

0,5-0,8 mm, and from burned fine fraction with particle size below 0,2 mm, between 0,2-0,5 

mm, 0,5-0,8 mm, 0,8-1,25 mm, 1,25-2,5 mm, above 5 mm, and below 15 mm. Compressive 

strength test was carried out according to standard SFS-EN 12390-3. Average values of 

compressive strength results are presented in the Table 7. Each individual compressive 

strength result is presented in the Appendix 2. More detailed information about the names 

of the test specimens is presented in the Appendix 3. 

 

Table 7. Average values of maximum load at failure [N] and compressive strength [MPa] 

made with cube-shaped test specimens (d=40 mm and d=150 mm) out of untreated, crushed 

and burned fine fraction. Results from B0,8-1,25_d40_1 and B2,5-5,0_d40_2 are ignored 

from the average values due to remarkable difference to other results. 

Name of the test 

specimen 
Compressive strength [MPa] Maximum load at failure [N] 

B>0,2_d40_avg 6,54 10560 

B0,2-0,5_d40_avg 1,33 2231 

U0,5-0,8_d40_avg 2,51 3960 

C0,5-0,8_d40_avg 2,27 3642 

B0,5-0,8_d40_avg 2,23 3703 

B0,8-1,25_d40_avg 0,89 1436 

B1,25-2,5_d40_avg 1,15 1872 

B2,5-5,0_d40_avg 2,81 3587 

C<4_d150_avg 2,77 62200 

B>5,0_d40_avg 2,39 3904 

U<15_d40_avg 2,09 3344 

U<15_d150_avg 2,02 45,5 

B<15_d40_avg 2,90 4747 
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When comparing results made out of same material, untreated fine fraction with particle size 

below 15 mm, but with different test specimen sizes, 40 mm and 150 mm, there were some 

differences in the results. Slightly higher compressive strength value (2,09 MPa) was gained 

with smaller test specimen size (d=40 mm) compared to strength value (2,02 MPa) gained 

with larger test specimen (d=150 mm). Although the highest (2,22 MPa) and lowest (1,86 

MPa) individual compression test values were measured from larger cubes. Still, the 

difference was not significant and therefore, as seen from the Figures 33-35, the compressive 

strength values gained with larger (d=150 mm) and smaller (d=40 mm) cubes are comparable 

with each other. 

 

 

Figure 33. Individual compressive strength [MPa] test results from test specimens (d=40 mm 

& d=150 mm) made out of untreated fine fraction with particle size below 15 mm.  

 

As seen from the Figures 34 and 35, the greatest compressive strength value was achieved 

with cubes made out of burned fine fraction (6,54 MPa) screened into particle size below 0,2 

mm, which was over two times greater value compared to the second highest value (2,9 
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MPa) achieved with burned fine fraction with particle size below 15 mm. On the other hand, 

three lowest compressive strength values were achieved with burned fine fraction (0,89-1,33 

MPa). All results, excluding those three lowest values and the highest value, are within the 

same digit (2,02-2,9 MPa), as presented in the Figure 34. 

 

 

Figure 34. Average values including error bars of compressive strength [MPa] of test 

specimens with shape of cubes with sizes of 40 mm and 150 mm made out of untreated, 

crushed and burned fine fraction arranged from highest to lowest strength value. 
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Figure 35. Average values including error bars of compressive strength [MPa] of test 

specimens with a shape of cubes with sizes of 40 mm and 150 mm made out of untreated, 

crushed and burned fine fraction arranged according to particle size distribution from 

smallest to largest.  

 

Compressive strength of test specimens (d=40 mm) made out of burned fine fraction are 

presented in the Figure 36 arranged to their particle size from smallest to largest. The 

significantly highest value was achieved with particle size below 0,2 mm (6,54 MPa), and 

the lowest value was achieved with particle size between 0,8-1,25 mm (0,89 MPa). 
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Figure 36. Average values including error bars of compressive strength [MPa] of test 

specimens with shape of cubes (d=40 mm) made out of burned fine fraction arranged 

according to particle size distribution from smallest to largest. 

 

Pictures of the larger test specimens (d=150 mm) before and after compressive test are 

presented in the Figure 37. As seen from the Figure 37C and D, specimens remained 

unbroken. However, some cracks were present. Picture of smaller test specimens (d=40 mm) 

before compressive test are visible in the Figures 38A and 39. Pictures of smaller test 

specimens after compressive test are visible in the Figures 38B, 40B and C, and 41. As seen 

from those figures, all smaller test specimens were crushed during the compressive test. 
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Figure 37. Test specimens (d=150 mm) before compression test made out of A) untreated 

fine fraction with particle size below 15 mm, and B) crushed fine fraction with particle size 

below 4 mm. Test specimens after compression test made out of C) untreated fine fraction 

with particle size below 15 mm (picture taken 1,5 years after the test), and D) crushed fine 

fraction with particle size below 4 mm (picture taken straight after the test). 

 

  

 

Figure 38. A) Test specimens (d=40 mm) made out of untreated and crushed fine fraction 

before compressive strength test. Cubes on the left are made out of crushed fine fraction with 

particle size between 0,5-0,8 mm. Cubes in the middle are made out of untreated fine fraction 

with particle size between 0,5-0,8 mm. Cubes in the right are made out of untreated fine 

fraction with particle size below 15 mm. B) Test specimens (d=40 mm) after compressive 

strength test. 
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Figure 39. Test specimens (d=40 mm) made out of burned fine fraction before compression 

test. 

 

   
 

Figure 40. Test specimen (d=40 mm) made out of burned fine fraction with particle size 

below 15 mm (B<15_d40_1) A) before compression test, B) after the test before removing 

material from the device, and C) after the test after material removed from the device. 
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Figure 41. Test specimens (d=40 mm) made out of burned fine fraction after compression 

test. 

4.1.3  Material composition 

100 g of untreated fine fraction with particle size above 5 mm were manually divided into 

18 fractions. The composition analysis was made twice with 100g of fine fraction in both 

separations (No. 1 and No. 2). The results by weight and percentage are presented in the 

Table 8. from both individual separations and the summary. The material content of fine 

fraction is also presented in the Figure 42, where material fractions with content less than 

2% are categorized as others. The appearance of fractions from separation No. 1 are visible 

in the Figure 43. 
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Table 8. Material content of fine fraction with particle size above 5 mm. Values written in 

gray color have been taken into account in the Tableôs upper levels. 

# Material fractions 
Separation No. 1 

(100g) 

Separation No. 2 

(100g) 

Summary of 

separations No. 1 & 2 

    [g] [%] [g] [%] [g] [%] 

1 Aggregate 32,01 35,05 31,27 33,15 63,28 34,09 

1.1 Concrete 8,80 9,64 18,76 19,89 27,56 14,85 

1.2 Ceramics 22,59 24,74 11,53 12,22 34,12 18,38 

1.3 Brick 0,00 0,00 0,58 0,61 0,58 0,31 

1.4 Stone 0,62 0,68 0,40 0,42 1,02 0,55 

2 Asphalt 0,00 0,00 0,21 0,22 0,21 0,11 

3 Gypsum 1,87 2,05 1,04 1,10 2,91 1,57 

4 Wood 20,61 22,57 17,96 19,04 38,57 20,78 

5 Ferrous metal 0,07 0,08 0,43 0,46 0,50 0,27 

6 Glass 13,47 14,75 15,82 16,77 29,29 15,78 

7 
Plastics, rubber & 

styrofoam 
15,96 17,48 17,13 18,16 33,09 17,82 

7.1 Plastic 1 (hard) 7,63 8,36 11,66 12,36 19,29 10,39 

7.2 Plastic 2 (soft) 4,29 4,70 2,56 2,71 6,85 3,69 

7.3 Rubber 3,14 3,44 1,83 1,94 4,97 2,68 

7.4 Styrofoam 0,90 0,99 1,08 1,15 1,98 1,07 

8 Wool 1,29 1,41 2,60 2,76 3,89 2,10 

9 Fine material 2,86 3,13 2,64 2,80 5,5 2,96 

10 Unidentified 1,89 2,07 3,08 3,27 4,97 2,68 

11 Electric wire 0,76 0,83 1,72 1,82 2,48 1,34 

12 Textile 0,53 0,58 0,42 0,45 0,95 0,51 

Total 91,32 100,00 94,32 100,00 185,64 100,00 
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Figure 42. A) Material content of untreated fine fraction with particle size above 5 mm based 

on Separation No. 1 & 2. B) Distribution of plastics in fine fraction with a share of 18%. C) 

Distribution of aggregates in fine fraction with a share of 34%. 
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Figure 43. Visual appearance of material fractions from separation No. 1.  

 

While cathegorizing wood, plastics and textile into organic materials, and aggregate, 

gypsum, ferrous metals, glass, wool (including mainly inorganic glasswool and 

mineralwool), fine material (including mainly inorganic aggregates and gypsum), asphalt 
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(containing 95% inorganic aggregates and 5% organic bitumen; Väylävirasto 2022) and 

electric wires into inorganic materials, the share of organic materials in fine fraction with 

particle size above 5 mm was 39,11% and the share of inorganic materials was 58,21%. 

Results are presented in the Figure 44. The unidentified material can be some kind of 

insulation material, such as urethane, and therefore could be classified as organic material. 

If so, the share of organic materials would be 41,79% and the share of inorganic material 

would remain as 58,21%.  

 

 

Figure 44. The share of inorganic and organic materials in untreated fine fraction screened 

into particle size above 5 mm. 

 

After 9,9 kg of untreated fine fraction with particle size below 15 mm was burned, around 

5,4 kg remained as inorganic material, and 4,5 kg organic material was burned. Therefore, 

the share of organic materials in untreated fine fraction with particle size below 15 mm was 

45,45% and the share of inorganic content was therefore 54,55%. Results are presented in 

Figure 45. 
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Figure 45. The share of inorganic and organic compound in untreated fine fraction with 

particle size below 15 mm based on combustion. 

4.1.4  Elemental composition 

The observed elements in EDS analysis from untreated fine fraction with particle size below 

15 mm were carbon (C), oxygen (O), sodium (Na), magnesium (Mg), aluminium (Al), 

silicon (Si), sulfur (S), potassium (K), calsium (Ca), and iron (Fe). All the same elements 

were found from crushed fine fraction with particle size below 4 mm as was found from the 

untreated fine fraction, but also small amouth of titanium (Ti) was observed. Otherwice, the 

results of elemental composition between untreated and crushed fine fraction were quite 

similar. The three largest elements with both materials were oxygen (O), calcium (Ca), and 

carbon (C) measured in weight percentages. Calculated averages of the elemental 

compositionôs results are presented in the Table 9. Each individual EDS result of untreated 

and crushed fine fraction are presented in the Appendix 4. 
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Table 9. The elemental composition of untreated and crushed fine fraction by weight 

percentages (wt %). 

Element 
Untreated fine fraction, 

avg. (wt %) 

Crushed fine fraction, 

avg. (wt %) 

Calcium (Ca) 41,93 28,09 

Oxygen (O) 39,46 40,03 

Carbon (C) 12,18 17,73 

Silicon (Si) 2,24 5,22 

Sulfur (S) 1,67 3,16 

Aluminium (Al) 1,16 1,78 

Iron (Fe) 0,82 2,51 

Magnesium (Mg) 0,42 0,51 

Potassium (K) 0,12 0,34 

Sodium (Na) 0,01 0,50 

Titanium (Ti) - 0,15 

 

 

The observed elements in leaching test (L/S 10) performed according to CEN/TR 

16192:2020 were antimony (Sb), arsenic (As), barium (Ba), cadmium (Cd), chromium (Cr), 

copper (Cu), mercury (Hg), molybdenum (Mo), nickel (Ni), lead (Pb), selenium (Se), zinc 

(Zn), fluorine (F-), chlorine (Cl-) and sulfate (SO4 
2-). The leaching test was performed totally 

of six times, and the variation in elemental content of fine fraction (<15 mm) in mg/kg is 

presented in the Table 10. Each individual leaching test result is presented in the Appendix 

5. 

 

 

Table 10. Variation of fine fractionôs (<15 mm) leaching test (L/S 10) results performed 

according to CEN/TR 16192:2020. 

Element mg/kg 

Arsenic (As) <0,1 

Barium (Ba) <4,0 

Cadmium (Cd) <0,01-0,02 

Chromium (Cr) <0,1 

Copper (Cu) <0,4-1,7 

Molybdenum (Mo) <0,1-0,4 
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Table 10. continues. Variation of fine fractionôs (<15 mm) leaching test (L/S 10) results 

performed according to CEN/TR 16192:2020. 

Element mg/kg 

Lead (Pb) <0,1 

Nickel (Ni) <0,1-0,7 

Antimony (Sb) <0,05-0,12 

Selenium (Se) <0,03 

Zinc (Zn) <0,8-32 

Mercury (Hg) <0,002 

Chlorine (Cl-) <160-480 

Sulfate (SO4 2-) 13324-16418 

Fluorine (F-) 4,9-12 

 

4.1.5  Particle shape 

L&W Fiber Tester ï Code 912 device was used to analyze the number of fibers, mean length, 

mean width, and mean shape of the fine fraction samples. Untreated, crushed and burned 

fine fraction with particle sizes of <0,2 mm, 0,2-0,5 mm, 0,5-0,8 mm, 0,8-1,25 mm and 1,25-

2,5 mm was analyzed. Burned fine fraction with particle size between 1,25-2,5 mm was 

analyzed twice because in the first trial around half of the material remain on the beaker 

during the analysis due to too long fibers for the device to be handled. In the second trial 

around one fourth remained on the beaker and therefore only around 3/4 of the sample was 

analyzed. Chart of the number of fibers in each length class is presented in the Figure 46. 

Results of mean length, mean width, and length to width ratio are presented in the Figure 47. 

Calculated average values of three test results were used in both figures. Results of burned 

fine fraction with particle size between 1,25-2,5 mm in Figures 46 and 47 are based on the 

second trial. Calculated average values of length to width ratio in Figure 47 was achieved by 

dividing the mean length value [mm] by mean width value [mm]. Each individual result is 

presented in the Appendices 6-8. 

The greatest number of fibers was found from the burned fine fraction with particle size 

below 0,2 mm. The least number of fibers out of all samples was with the burned fine fraction 

with particle size between 1,25-2,5 mm. The longest fibers were with burned fine fraction 
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with particle size between 0,2-0,5 mm whereas the shortest fibers were with crushed fine 

fraction with particle size below 0,2 mm. The widest fibers were with crushed fine fraction 

with particle size below 0,2 mm while the narrowest fibers were with burned fine fraction 

with particle size between 0,8-1,25 mm. Burned fine fraction had the greatest length to width 

ratio compared to the burned and crushed fine fraction when observing each particle size 

class separately. The greatest length to width ratio was with burned fine fraction with particle 

sizes of 0,5-0,8 mm while the lowest length to width ratio was with crushed fine fraction 

with particle size below 0,2 mm. 

 

 

Figure 46. Number of fibers (with length over 0,2 mm) of untreated, crushed, and burned 

fine fraction with particle size below 0,2 mm and between 0,2 ï 2,5 mm. 
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Figure 47. Mean length [mm], mean width [mm] and length to width ratio of untreated, 

crushed, and burned fine fraction with particle size below 0,2 mm and between 0,2-2,5 mm. 

 

Figures in Tables 11-13 are from the L&W Fiber Testerôs software. In each Table (11-13) 
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while vertical axis describes the fibersô width in micrometers, where the sum is also 1. As 
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burned fine fraction, Figure I in Tables 11, 12 and 13, differs from other results of burned 

fine fraction (Figures G and H). Based on the information in Figure 47 and Tables 11-13, 

the widest fibers were with crushed fine fraction, the longest fibers were with burned fine 

fraction, and the greatest length to width ratio was with burned fine fraction. 

 

Table 11. Length [mm] ï Width [mm] charts of untreated (A-C), crushed (D-F), and burned 

(G-I) fine fraction with particle size between 0,5-0,8 mm from L&W Fiber Tester software. 

Untreated fine fraction 

(0,5-0,8 mm) 

Crushed fine fraction 

(0,5-0,8 mm) 

Burned fine fraction 

(0,5-0,8 mm) 

U0,5-0,8 A 

 

 C0,5-0,8 A 

 

 B0,5-0,8 A 

 

 U0,5-0,8 B 

 

 C0,5-0,8 B 

 

 B0,5-0,8 B 

 

 U0,5-0,8 C 

 

 C0,5-0,8 C 

 

 B0,5-0,8 C 
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Table 12. Percentage distribution of lengths [mm] between five length classes of untreated 

(A-C), crushed (D-F), and burned (G-I) fine fraction with particle size between 0,5-0,8 mm 

from L&W Fiber Tester software. 

Untreated fine fraction 

(0,5-0,8 mm) 

Crushed fine fraction 

(0,5-0,8 mm) 

Burned fine fraction 

(0,5-0,8 mm) 

 U0,5-0,8 A 

 

 C0,5-0,8 A 

 

 B0,5-0,8 A 

 

U0,5-0,8 B 

 

 C0,5-0,8 B 

 

 B0,5-0,8 B 

 

 U0,5-0,8 C 

 

 C0,5-0,8 C 

 

 B0,5-0,8 C 

 

 

 

 

 

 

 

A D G 

B E H 

C F I 
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Table 13. Width [mm] distributed into five length classes of untreated (A-C), crushed (D-F), 

and burned (G-I) fine fraction with particle size between 0,5-0,8 mm from L&W Fiber Tester 

software. 

Untreated fine fraction 

(0,5-0,8 mm) 

Crushed fine fraction 

(0,5-0,8 mm) 

Burned fine fraction 

(0,5-0,8 mm) 

 U0,5-0,8 A 

 

C0,5-0,8 A 

 

 B0,5-0,8 A 

 

U0,5-0,8 B 

 

 C0,5-0,8 B 

 

 B0,5-0,8 B 

 

 U0,5-0,8 C 

 

 C0,5-0,8 C 

 

 B0,5-0,8 C 

 

 

 

 

 

 

A D G 

B E H 

C F I 
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4.1.6  Moisture content 

The moisture content of the untreated fine fraction with particle size below 15 mm was 

studied according to SFS-EN 1097-5:1990. The weight of each sample was 100 g (M1) 

before oven. Samples were weighted after oven. The moisture content was calculated using 

the equation presented in the SFS-EN 1097-5:1990 and Methods chapter of this thesis. Based 

on two measurements, moisture content of fine fraction was varying between 32,0-38,4 %. 

Results are presented in the Table 14. 

 

Table 14. Moisture content of untreated fine fraction (<15 mm) calculated from weights 

before (M1) and after (M3) drying them for 24hours in the oven at 103̄C according to SFS-

EN 1097-5:1990. 

  18.11.2021 8.2.2023 

 
Weight before 

oven (M1) [g] 

Weight after 

oven (M3) [g] 

Moisture 

content [%] 

Weight after 

oven (M3) [g] 

Moisture 

content [%] 

Surface layer 100 72 38,9 77g 29,9 

Middle layer 100 72 38,9 75g 33,3 

Bottom layer 100 72 38,9 75g 33,3 

Mixed 100 73 37,0 76g 31,6 

Calculated average 100 72,25 38,4 75,75g 32,0 

 

4.1.7  Dry and theoretical density 

Dimensions (length, width and height) and weight of each test specimens were measured 

before the compressive strength tests. The theoretical density was calculated by dividing test 

specimenôs weight by its volume. Dry density was determined with one liter scoop. Average 

values of the results; dimensions, masses, theoretical and dry densities are presented in the 

Table 15. Results of each individual test specimens are presented in the Appendix 9. 
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Table 15. Average values of masses [g], dimensions [mm], and dry densities measured from 

test specimens before compressive tests out of which theoretical densities [kg/m3] were 

calculated. 

Name of the test 

specimen 
Weight [g] 

Dimensions of the cube 

shaped test specimen 

(length x width x height) 

[mm] 

Theoretical 

density 

[kg/m3] 

Dry density 

[g/l]  

U0,5-0,8_d40_avg 89,3 40,0 40,0 40,0 1396 487 

U<15_d150_avg 4736,7 150,0 150,0 150,0 1403 460 

U<15_d40_avg 90,0 40,0 40,0 40,0 1406 505 

C0,5-0,8_d40_avg 92,0 40,0 40,0 40,0 1438 505 

C<4_d150_avg 4937,3 150,0 150,0 151,3 1450 505 

B<0,2_d40_avg 104,8 40,4 40,6 40,0 1599 525 

B0,2-0,5_d40_avg 97,6 40,0 40,0 41,1 1485 575 

B0,5-0,8_d40_avg 101,4 40,0 40,0 40,6 1560 645 

B0,8-1,25_d40_avg 97,6 40,0 40,0 39,8 1533 670 

B1,25-2,5_d40_avg 103,1 40,0 40,0 39,9 1614 715 

B2,5-5,0_d40_avg 109,8 40,0 40,0 41,2 1664 775 

B>5_d40_avg 97,6 40,0 40,8 40,0 1495 1075 

B<15_d40_avg 110,0 40,0 40,0 40,4 1703 770 

 

As seen from the Figure 48 and Table 15, the highest theoretical densities were obtained 

with burned fine fraction, and the lowest theoretical densities were obtained with untreated 

fine fraction. Highest theoretical density was with burned fine fraction with particle size 

between 0-15 mm (1703 kg/m3) and the lowest density was with untreated fine fraction with 

particle size between 0,5-0,8 mm (1396 kg/m3). Theoretical densities of test specimens 

(d=40 mm) made out of burned fine fraction are presented in the Figure 49. 
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Figure 48. Average values of theoretical densities [kg/m3] of test specimens (d=40 mm & 

d=150 mm) made out of untreated, crushed and burned fine fraction arranged according to 

particle size distribution from smallest to largest. 

 

 

Figure 49. Average values of theoretical densities [kg/m3] with linear trend line of test 

specimens (d=40 mm) made out of burned fine fraction arranged according to particle size 

distribution from smallest to largest. 

 

As seen from the Figures 50 and 51, and Table 15, the highest dry densities were obtained 
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particle size between 5-15 mm (1075 g/l) and the lowest densities were with untreated and 

crushed fine fraction (460-505 g/l). 

 

 

Figure 50. Average values of dry densities [g/l] of test specimens (d=40 mm & d=150 mm) 

made out of untreated, crushed and burned fine fraction arranged according to particle size 

distribution from smallest to largest. 

 

 

Figure 51. Average values of dry densities [g/l] with a linear trend line of test specimens 

(d=40 mm) made out of burned fine fraction arranged according to particle size distribution 

from smallest to largest. 
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5  Analysis and discussion 

To get a proper understanding about the quality, properties and utilization opportunities of 

fine fraction, results of this study must be combined, and causal connections should be 

observed between different characteristics. Processing methodsô and particle shapeôs effect 

on strength properties as well the processing methodsô effect on dry and theoretical densities 

are clarified. Based on the literature review and the characteristics of fine fraction, the 

opportunities to increase the value chain of fine fraction are suggested. Finally, the regulation 

and permit related issues for the use of fine fraction and other recycled materials in products 

are determined. 

5.1  Reliability and comparison of the results 

To increase the reliability of the research, results must be comparable with other studies. The 

material content of fine fraction will be compared to the material content of CDW. The 

elemental composition will be compared to the limits for harmful substances determined in 

the specific regulation for crushed concrete in order to get indicative about the harmful 

substances and their amounts. The compressive strength results of concrete test specimens 

will be compared to the strength results gained with natural aggregates. 

5.1.1  Material composition 

Liikanen et al. (2018) have been studied the material content of CDW in Finland before the 

mechanical separation. While comparing material content of CDW studied by Liikanen et 

al. (2018, p. 10) and the material content of fine fraction from CDW studied in this thesis, 

some differences can be observed as seen in the Table 16. The share of aggregates is greater 

in fine fraction studied in this thesis compared to CDW studied by Liikanen et al. (2018). 

The share of gypsum is greater in CDW compared to fine fraction which might be due to 

that gypsum will grind into fine during the waste treatment process and therefore, gypsum 

might mostly be considered as fine material in material content of fine fraction. In CDW 

studied by Liikanen et al. (2018), there is a greater share of metals compared to fine fraction 
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studied in this thesis, which might be due to that metals are removed from CDW at waste 

treatment process before fine fraction is generated. The share of glass is three times greater 

with fine fraction compared to material content of CDW studied by Liikanen et al. (2018). 

On the other hand, the share of wool is greater in CDW compared to fine fraction but still, 

they are in the same range compared to other fractions. The share of wood and plastics are 

quite similar between the two studies. If fine material, unidentified material, electric wires 

and textiles are considered as Other -fraction, the share of Other -fractions between studies 

are quite equal.  

 

Table 16. Material contents of fine fraction determinated in this thesis, and material content 

of CDW studied by Liikanen et al. (2018). Values written in gray color have been taken into 

account in the Tableôs upper levels. 

# Fractions 

Material content of fine 

fraction (>5 mm) based on 

this study 

Material content of CDW in 

Finland (Liikanen et al. 

2018, p. 10) 

    [%] [%] 

1 Aggregate 34,1 17 

1.1 Concrete 14,9 3 

1.2 Ceramics 18,4 - 

1.3 Brick 0,3 2 

1.4 Stone 0,6 - 

1.5 Other aggregate - 12 

2 Asphalt 0,1 - 

3 Gypsum 1,6 9 

4 Wood 20,8 26 

5 Ferrous metal 0,3 4 

6 Glass 15,8 5 

7 
Plastics, rubber, 
styrofoam & PVC 

17,8 18 

7.1 Plastic 1 (hard) 10,4 13 

7.2 Plastic 2 (soft) 3,7 4 

7.3 Rubber 2,7 - 

7.4 Styrofoam 1,1 - 

7.5 PVC - 1 

8 Wool 2,1 5 
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Table 16. continues. Material contents of fine fraction determinated in this thesis, and 

material content of CDW studied by Liikanen et al. (2018). Values written in gray color 

have been taken into account in the Tableôs upper levels. 

# Fractions 

Material content of fine 

fraction (>5 mm) based on 

this study 

Material content of CDW in 

Finland (Liikanen et al. 

2018, p. 10) 

    [%] [%] 

10 Unidentified 2,7 - 

11 Electric wire 1,3 - 

12 Textile 0,5 - 

13 Paper & Board - 7 

 Other - 9 

Total 100 100 

 

Even if results of the material contents between CDW studied by Liikanen et al. (2018) and 

fine fraction (>5 mm) studied in this thesis are not equal as presented in the Table 16, the 

results of fine fractionôs material content can be considered reliable. The most significant 

reason for the differences between these two results is the fact that material content of CDW 

and fine fraction is highly dependent on where they are collected. Another reason for the 

difference between the results is that even if fine fraction is generated from CDW, it has 

gone through waste treatment process including pre-sorting, crushing, drum screen, metallic 

separation, and flip-flop screen, which have an effect on the material content distribution as 

not all material from CDW end up to fine fraction. In addition, two manual separations were 

made while determining the material content of fine fraction. Results were similar which 

supports the reliability, as presented in the Table 8. 

Based on the separation of untreated fine fraction with particle size above 5 mm, the share 

of organic material is 39,11% or 41,79% in case unidentified material is classified as organic 

material, and the share of inorganic materials is 58,21%. Based on the combustion of 

untreted fine frcation with particle size below 15 mm, the share of organic material is 45,45% 

and the share of inorganic content is 54,55%. Those shares of organic and inorganic contents 

are close to each other and therefore, it can be stated that material content of >5 mm untreated 

fine fraction represents quite reliable the material content of untreated and crushed fine 

fraction with a particle size below 15 mm. Also, the result increases the reliability of the fine 

fractionôs composition. 
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5.1.2  Elemental composition 

According to Valtioneuvoston asetus betonimurskeen jätteeksi luokittelun päättymisen 

arviointiperusteista (466/2022), crushed concrete that is gone trough a recovery operation 

mentioned in the 8 § and 9 § can be used in applications mentioned in 14 §, such as an 

aggregate in concrete products, if the share of harmful substances are within the limits 

mentioned in the regulation and which are also presented in the Table 17. (Valtioneuvoston 

asetus betonimurskeen jätteeksi luokittelun päättymisen arviointiperusteista 466/2022.) 

While comparing leaching test results made for fine fraction collected from Ekokaari Oy, 

the content of copper (Cu), nickel (Ni) , zinc (Zn), chlorine (Cl) and sulfate (SO4 2-) exeed 

those limits for harmful substances mentioned in the regulation 466/2022, as presented in 

the Table 17. Although, the content of copper is exceeding the limit of 1 mg/kg only in one 

test out of six. With nickel, the limit of 0,3 mg/kg is exceeding with three tests out of six. 

With zinc, the content is variating significantly between six leaching tests made for fine 

fraction. The content of zinc in three results are 17-32 mg/kg, while with the rest three test 

results the content is below 0,8 mg/kg and therefore, remaining under the limit for zinc 

content (4 mg/kg). Limit for chlorine content (200 mg/kgs) is exceeding in two tests out of 

six. The content of sulfates (13324-16418 mg/kg) are significantly exceeding the limit (300 

mg/kg) mentioned in the regulation 466/2022 with each six test results. 
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Table 17. Limits for harmul substances determined according to SFS-EN 16192 (L/S 10) in 

crushed concrete that is gone trough a recovery operation and is therefore allowed to use in 

specific applications mentioned in the 14 § (modified Valtioneuvoston asetus 

betonimurskeen jätteeksi luokittelun päättymisen arviointiperusteista 466/2022, Appendix 

3), and elemental content of  fine fraction from Ekokaari Oy analysed according to SFS-EN 

16192 (L/S 10). Red numbers in the Table are identifying that the limit mentioned in the 

regulation 466/2022 is exceeded. 

Element 

Valtioneuvoston asetus 

betonimurskeen jätteeksi luokittelun 

päättymisen arviointiperusteista 

466/2022 

Variation of fine fractionôs content 

collected from Ekokaari Oy during 

2019-2021 

 [mg/kg] [mg/kg] 

Arsenic (As) 0,1 <0,1 

Barium (Ba) 5 <4,0 

Cadmium (Cd) 0,02 <0,01-0,02 

Chromium (Cr) 0,6 <0,1 

Copper (Cu) 1 <0,4-1,7 

Molybdenum (Mo) 0,7 <0,1-0,4 

Lead (Pb) 0,1 <0,1 

Nickel (Ni) 0,3 <0,1-0,7 

Antimony (Sb) 0,2 <0,05-0,12 

Selenium (Se) 0,2 <0,03 

Zinc (Zn) 4 <0,8-32 

Mercury (Hg) 0,01 <0,002 

Chlorine (Cl-) 200 <160-480 

Sulfate (SO4 2-) 300 13324-16418 

Fluorine (F-) 12 4,9-12 

 

 

However, if observed content in results is marked to be below the value of the minimum 

content of elements presented in the Methods chapter, the presence of the element is either 

under the limit or the element does not present in the sample. As the content of arsenic (As), 

barium (Ba), chromium (Cr), lead (Pb), selenium (Se) and mercury (Hg) in fine fraction are 

marked to be below the minimum content of element to be observed, their presence in the 

fine fraction is unsure. Therefore, based on the leaching test results, the reliability identified 

elements in fine fraction are cadmium (Cd), copper (Cu), molybdenum (Mo), nickel (Ni), 

antimony (Sb), zinc (Zn), chlorine (Cl-), sulfate (SO4 
2-) and fluorine (F-). 
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As presented in the Table 17., the elemental content of fine fraction determined through 

leaching tests do not meet the requirements for allowed amounts of harmful substances 

mentioned in the Valtioneuvoston asetus betonimurskeen jätteeksi luokittelun päättymisen 

arviointiperusteista (466/2022). One reason for fine fraction exceeding the limits might be 

that the limits mentioned in the regulation 466/2022 are meant for crushed concrete, and fine 

fraction (>5 mm) studied in this thesis contains only around 15 % of concrete, and the rest 

85 % contains other materials such as wood (21 %), ceramics (18 %), plastics (18 %), and 

glass (16 %). 

According to Asumisen rahoitus- ja kehittämiskeskus (2022) and Hengitysliitto (2023), 

harmful substances in construction materials that are no longer used but might be found from 

older demolished buildings are asbestos, polycyclic aromatic hydrocarbon (PAH), benzene, 

toluene,  ethylbenzene and xylene (BTEX), volatile organic compounds (VOC), and 

polychlorinated biphenyls (PCB), creosote, petroleum hydrocarbons, and heavy metals such 

as lead (Pb), arsenic (As), cadmium (Cd), cobalt (Co), copper (Cu), nickel (Ni) and mercury 

(Hg). According to EDS analysis, no hevy metals were found from fine fraction. On the 

other hand, according to leaching tests, cadium (Cd), copper (Cu) and nickel (Ni) were 

observed from fine fraction sample which of only the content of nickel was below the limit 

for harmulf substances mentioned in the crushed concreteôs regulation. More tests should be 

carried out of fine fraction to confirm the presence of PAH, BTEX, VOC, PCV compounds 

along with the presence of creosote, petroleum and elements containing asbestos. In addition, 

the content of those compaunds in fine fraction must be below the limits mentioned in 

specific product and chemical regulations depending on the application. For example, 

according to Valtioneuvoston asetus betonimurskeen jätteeksi luokittelun päättymisen 

arviointiperusteista 466/2022, the content of PAH compounds must be below 30 mg/kgm, 

the content of PCB must be below 1 mg/kg, and the content of petroleum hydrocarbonsô 

must be below 200 mg/kg with crushed concrete applications. 

Finally, according to Terveyden ja hyvinvoinninlaitos (2023) flame retardants might be 

harmful for human health if containing bromine (Br), chlorine (Cl), or phosphorus (P). None 

of these elemenst were obtained in EDS analysis. Some content of chlorine was observed in 

leaching tests. 
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5.1.3  Compressive strength 

According to Finnsementti Oy (2023b), EN 12350-1, EN 12390-2 and 12390-3, standards 

give instructions on how to measure compressive strength of concrete test specimens. When 

the K20 recipe is followed and the test specimens are in a shape of cube (d=150 mm), a 

compressive strength of 20 MPa is achieved. (Finnsementti Oy 2023b.)  

Larger test specimens (d=150 mm) in this study were manufactured out of fine fraction 

according to standards SFS-EN 12390-1:2021 - Testing hardened concrete. Part 1: Shape, 

dimensions and other requirements for specimens and moulds, and according to SFS-EN 

12390-2:2019 - Testing hardened concrete. Part 2: Making and curing specimens for strength 

tests. The compressive strength was determined according to standard SFS-EN 12390-

3:2019 Testing hardened concrete. Part 3: Compressive strength of test specimens. The 

smaller cubes (d=40 mm) out of fine fraction were manufactured and tested following the 

principle of above-mentioned standards but the test specimenôs size was not according to 

SFS-EN 12390-1:2021 standard. Still, as seen from the compressive strength results made 

out of untreated fine fraction in two different sizes (40 mm and 150 mm), the results are 

close to each other and therefore compressive strength results made out of 150 mm cubes 

and 40 mm are comparable. 

In K20 recipe, the share of fine aggregate (0-8 mm) is 40 % and the share of coarser 

aggregate (>8 mm) is 60 % (Finnsementti Oy 2023a). Particle size analysis was made for 

untreated, crushed and burned fine fraction. With untreated fine fraction, the share of fine 

aggregate (0-5 mm) was 62% and the share of coarser aggregate (5-15 mm) was 38%. With 

burned fine fraction the share of fine aggregate (0-5 mm) was 75% and the share of coarser 

aggregate (5-15 mm) was 25%. With crushed fine fraction, the share of fine aggregate was 

100% due to size reduction with hammer mill. As seen from the Table 18, the shares of fine 

and coarse aggregates in fine fractions are not aligned with the K20 recipe. Still, the small 

compressive strength values (around 1-3 MPa and 6,5 MPa) obtained from test specimens 

made out of fine fraction compared to the compressive strength (20 MPa) obtained by 

following the K20 recipe cannot be explained only by the difference in particle size 

distribution. 

In further research, more test specimens could be manufactured from untreated and burned 

fine fraction by following the principle mentioned in the K20 recipe. The share of fine 
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aggregate (0-8 mm) would be 40 % and the share of coarser aggregate (>8 mm) would be 

60 %. Therefore, test specimens made out of fine fraction as a recycled aggregate would be 

more comparable with compressive strength results gained with natural aggregates. 

Simultaneously, test specimens could be manufactured from natural aggregates. 

 

Table 18. Share of fine aggregate and coarse aggregate in according to K20 recipe and 

according to fine fractionsô particle size analysis. 

 K20 [%] 
Untreated fine 

fraction [%] 

Crushed fine 

fraction [%] 

Burned fine 

fraction [%] 

Fine aggregate 40 62 100 75 

Coarse aggregate 60 38 0 25 

 

5.2  Key findings 

The results of this study rela to fine fractionôs quality, properties and permit and regulations 

related issues from productization point of view. By understanding properties and their 

relations with each other, fine fractionôs value chain can be increased, and proper 

applications can be obtained. 

5.2.1  Processing methodsô effect on strength properties 

The four highest compressive strength results in this thesis are obtained with burned fine 

fraction with particle sizes below 0,2 mm (6,54 MPa), below 15 mm (2,90 Mpa), between 

2,5-5 mm (2,81 Mpa), and with crushed fine fraction with particle size below 4 mm (2,77 

Mpa). However, when burning and screening fine fraction, not all the material is utilized. 

As the untreated fine fraction is burned, around 55% of the material remains as a burned fine 

fraction, and 45% is combusted as organic material. And, while screening burned fine 

fraction, the share of particle size below 0,2 mm is around 26%, and the share of particle 

size between 2,5-5 mm is only around 9%. Therefore, if utilizing burned fine fraction with 

particle size below 0,2 mm as a material in applications, only around 14 % of fine fraction 

would be utilized compared to the untreated fine fraction caused by combustion and 
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screening. With burned fine fraction between particle size 2,5-5 mm the utilization rate of 

the material is even lower, only around 5 %. Whereas the use of crushed fine fraction with 

particle size below 4 mm utilizes all the material which supports the EU goal to utilize CDW 

as a material at least 70 % by weight annually. 

While comparing the average values of compressive strength results of untreated, crushed 

and burned fine fraction which are screened into same particle size class of 0,5-0,8 mm, the 

highest compressive strength is obtained with untreated fine fraction (2,51 Mpa). Crushed 

fine fraction (2,27 Mpa) and burned fine fraction (2,23 Mpa) in same particle size class have 

lower compressive strength values compared to untreated material, but still, the difference 

is relatively small (0,24-0,28 Mpa).  

Crushed fine fraction with particle size below 4 mm has higher compressive strength (2,77 

Mpa) compared to the untreated fine fraction with particle size below 15 mm (2,02-2,09 

Mpa). Therefore, particle size reduction has positive impact on compressive strength. 

Burned fine fraction (2,9 Mpa) has higher compressive strength compared to the untreated 

fine fraction (2,02-2,09 Mpa), when comparing results in same particle size distribution (<15 

mm). So, removing organic material from fine fraction has positive impact on compressive 

strength values. As a conclusion, the processing methods, crushing and burning, increase 

compressive strength values. 

5.2.2  Particle shapeôs effect on strength properties 

With untreated and crushed fine fraction with particle size between <0,2 mm-2,5 mm, the 

length to width ratio of fibers increases as the particle size increases. With burned fine 

fraction, the length to width ratio is not increasing as the particle sizes increase, but the length 

to width ratio is connected to compressive strength results. While observing the length 

classes of <0,2 mm, 0,2-0,5 mm, 0,5-0,8 mm, 0,8-1,25 mm, and 1,25-2,5 mm, burned fine 

fractionôs length to width ratio is following the change of its compressive strength values. 

Excluding the length class of <0,2 mm, it can be stated that as the compressive strength 

increases, the length to width ratio increases, and vice versa, as seen from the Figure 52. 

Burned fine fraction with particle size below 0,2 mm has significantly higher amount of 

fibers (1739) compared to other length classes (46-113), according to particle shape analysis. 
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Number of fibers could be one indicator of explaining the remarkable greater compressive 

strength result of burned fine fraction with particle size below 0,2 mm compared to other 

length classes. Still, as the L&W Fiber Tester ï Code 912 device is designed to analyze only 

cellulose fibers for lengths of 0,2-7,5 mm, the results of particlesô shapes can be regarded as 

indicative but not reliable. 

  

 

Figure 52. Influence of burned fine fractionôs shape to strength properties in different 

particle size classes. 

 

The compressive strength increases as the length to width ratio increases while observing 

untreated and crushed fine fraction with particle size between 0,5-0,8 mm. Still, the 

difference between length to width ratiosô values with untreated (22,67) and crushed (16,95) 

fine fraction is not significant. However, burned fine fraction has the highest length to width 

ratio (67,77) but the lowest compressive strength while observing the length class of 0,5-0,8 

mm. The influence of fine fractionôs length to width ratio on strength properties with 

untreated, crushed and burned fine fraction with particle size of 0,5-0,8 mm is presented in 

the Figure 53. 
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Figure 53. The influence of fine fractionôs shape on strength properties with untreated, 

crushed and burned fine fraction with particle size of 0,5-0,8 mm. 

 

As a conclusion based on the results from burned fine fraction, the compressive strength 

correlates with fine fractionôs length to width ratio. Hence, the length to width ratio follows 

the change of compressive strength values. However, there is no clear correlation between 

particle size distribution and particleôs shape as the length to width ratio is not changing as 

the particle size increases with burned fine fraction. More test specimens should be made for 

untreated and crushed fine fraction in different particle size classes to reveal behaviour. 

5.2.3  Processing methods effect on dry and theoretical densities 

Burned fine fraction has higher theoretical densities (1485-1703 kg/m3) compared to test 

specimens made out of crushed (1438-1450 kg/m3) and untreated (1396-1406 kg/m3) fine 

fraction as presented in the Figure 54. This might be due that light organic material is 

removed from the fine fraction and the heavy inorganic material remains. Crushed fine 

fraction has higher theoretical density compared to untreated one maybe because the size 

reduction removes the space between particles.  

The trend line of theoretical densities of test specimens made out of burned fine fraction in 

the Figure 49 is increasing as the particle size grows. Still, not all theoretical densities follow 
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the trend line. For example, test specimen (d=40 mm) made out of burned fine fraction with 

particle size above 5 mm, has significant amount of air between the particles, as seen from 

the Figure 39, which decrease the mass of test specimens due to large particle size and small 

test specimen size. Therefore, low weight (97,6 g) of test specimens made out of burned fine 

fraction with particle size above 5 mm affects to low density value (1495 kg/m3). Based on 

this, theoretical density has relation to particlesô size, and the digression can be explained by 

a small test specimen size. 

Highest dry density values are with burned fine fraction (525-1075 g/l). Untreated fine 

fraction with particle size below 15 mm (measured in 13.3.2023) and crushed fine fraction 

with particle sizes between 0,5-0,8 mm and 0-4 mm, has the same dry density values (505 

g/l). Lowest dry density value is obtained with untreated fine fraction with particle size 

below 15 mm (406 g/l) (measured in 18.11.2021). Dry density values of untreated fine 

fraction with particle size below 15 mm measured in 18.11.2021 and 13.3.2023 should be 

equal as they are same material. However, fine fraction is stored in outside storage before 

moisture content analysis and therefore, temperature and humidity might have an effect on 

the results. 

With the burned fine fraction, there is a relation with particle size and dry density value. As 

the particle size increases, dry density value increases. Significantly higher value of particle 

size class of 5-15 mm (1075 g/l) compared to the second highest class (2,5-5 mm) (775 g/l) 

can be explained by the huge (10 mm) range of particle sizes inside the particle size class 

(5-15 mm). The lower value of particle size class of 0-15 mm (770 g/l) compared to the 

classes of 2,5-5 mm (775 g/l) and 5-15 mm (1075 g/l) can be due that particle size class of 

0-15 mm contains particles in wide range as presented in the particle size analysis. 

As seen from the Figure 54, dry and theoretical densities are behaving similarly. The greatest 

difference between dry and theoretical densities is with burned fine fraction with particle 

size between 5-15 mm, where the dry density value (1075 g/l) is significantly higher result 

compared to other dry density values (460-775 g/l), but also while scaling the value to 

theoretical densityôs value of untreated fine fraction with particle size between 5-15 mm, as 

seen from the Figure 54. As estimated, relatively low theoretical density of burned fine 

fraction with particle size above 5 mm can be caused by the air between particles in concrete 

test specimens. Based on the correlation between dry and theoretical density presented in the 

Figure 54, theoretical density value of burned fine fraction with particle size between 5-15 


















