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Construction sector uses around®®™% of t he worl dbés r awofmat er
waste produced in the world are from constructions and demolikoresfraction (<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 geadrahnually, and it is
currentlymainly utilized in landfill structuresThe goal set by EU is to utilize CDW at least

70% by weight annually otherwise as energy or.fBgl utilizing fine fraction as a raw
material in productsneetsEU goal butit also spports the concept of waste hierarchy,
circular economy, and sustainable use of materials.

Based on this study, four main material groupBne fraction (515 mm) wereaggregates

(34 %), wood (21%), plastics (18%), and glass (%. The share of organic and inorganic
materials in fine fractiorf0-15 mm)were 45 % and 55%. Concrete test specimens were
prepared fronfine fraction as untreatedrushed, burned and screened into different particle
size classes.rBcessing methodsrushing andcombustiorhad positive impact orstrength
properties. On average, the higher the length to width ratio, the higher compressive strength
value was gained with burned fine fractidrneoretical and dry densities biie fraction

were increased as tlmeganic material was removed, and as the compressive stramtdjth
particle size were increasedowever, the use of fine fraction as a recycled aggregate in
concrete productsidinot meet the strength properties gained with natural aggregates.

The use b recycled materials in products cannot cause harm for human health or
environmentBased orEDS analysis, no hazardowements such as heavy metalsere
found fromfine fraction. Still, product and chemical regulations along environmental act
must befollowed once determining application for fine fraction
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Avainsanatrakennusja purkujate alite, kierratysmateriaali

Rakennusteollisuus kayttdd vuosittain noin-540 % maailmanraakaaineista. Liséksi
rakennus ja purkujatteen maara on vuosittain noin 35 % maailmallaidtaikuotetuista
jatteista. Alitetta (<15 mm) syntyy vuosittain noin 200 okilnnia, kun rakennusja
purkujatetta kasitellaan jatteenkasittelylaitoksissa. Tradlkella alitetta kaytetaan lahinna
kaatopaikkojen rakennusmateriaalina. EU:n yhtenad tavoitteena on hyddyntd& vuosittain
rakennus ja purkujatettd muutoin kuin energiana tai polttoaineena vahintdadn 70
painoprosenttia.Hyodyntamalla alite materiaalina tbeissa auttaisi taman tavoitteen
saavuttamisessa, mutta tukisi myos jatehierarkian toteutumista, kiertotaloutta ja kestavaa
materiaalien kayttoa.

Taman tutkimukset perusteella nelja suurinta materydmatiddalitteessa (8.5 mm) olivat
kiviainekset 84 %), puu @1 %), muovt (18 % seka lasi 16 %9. Kun alitetta poltettiin,
orgaanisen materiaalin osuus oli 45 % ja epaorgaanisen osuus oli 55 %. Kasitteleméattomasta
, poltetusta ja murskatusta alitteesta valr@tiin  betonisia koekappaleita eri
partikkelikokoluokissa Kasitelymenetelmilla murskauksella ja poltolla oli positiivinen
vaikutus testikappaleiden lujuusominaisuuksiin. Yleisesti, mitd suurempi alitteen hiukkasten
leveyden ja pituuden suhde oli, sitéorkeammat puristuslujuusarvot saavutettiin.
Teoreettinen ja kuivatineys kasvoivat, kun orgaaninen materiaali poistettsaka
puristuslujuuden ja partikkelikoon kasvaessa. Alitteesta valmistetut testikappaleet eivat
kuitenkaan ytneet neitseellisesté ikiaineksesta valmistettujen betonitestikappaleiden
puristuslujuustuloksiin.

Kierratysmateriaalista valmistettu tuote ei saa aiheuttaa haittaa ihmisen terveydelle tai
ymparistolle.EDS alkuaineanalyysin perusteebditteesta ei |0ytynyt haitallisia ainait

kuten raskasmetalleja. Kuitenkin, kun alitetta tuotteistetaan, -fudtemikaal ja
ymparistélainsdadantéja tulee noudattaa.
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1 Introduction

Construction sector uses arounds® of t he worl ddés raw mater
waste produced in the world are from constructions and demoliblumsbers are similar at
European levelDi Maria, Eyckmans& Van Acker2018;A new Circular Economy Action

Plan - For a cleaner and more competitive Europe COM/202D/@8nstruction and
demolition waste (CDW) is generated during building, repairing, agmotishing of
constructions buildings, and infrastructuresAlso, waste from civil works, road
maintenanceandsoils, rocks and vegetation due to land levelliage classified as CDW.
(Christensen & Anderson 2011, p. 1®guranen & Hakast2014 p. 11;GalvezMartos

Styles Schoenbergef ZeschmafLahl 2018, p. 167Chandrappa & Das 2012, p. 2B9

The material content of CDW is highly dependent on wheredlisctedandit can catain
any materials that are used in constructi€@i3W can contain materials such as concrete,
bricks, tiles, plaster, sand, waste oils, gream#als soil, plastic, resins, insulating materials,
gravel, ceramics, coats, stones, and g({@#sndrappa &as 2012, p. 239According to
GalvezMartos et al.(2018, p. 16§ the greatest sharercaind 85% ofCDW contains
concrete, brickand mortain Europe. However, according to Liikanéielppi, Havukainen

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

in Finland.

Earlier CDW was mainly landfilledut mowadays it is understood that CDW contains
problematicmaterials such as asbestos from older demolished buildwhsgh makes it
hazardous to landfillin addition, valuable materials will be lost if the waste flow is only
landfilled (Christensen & Anderson 2011, p., 1@4).The goal set bfuropean UniofEU)
improves the sustainable use of materials by demanding t€D¥é at leastby 70% of
weightannuallyotherwise than as an energy or fuel, excluding soil and aggregate generated
from rocks and soils and hazardous w#¥taste Framework ibective 2008/98/ECS8 11).
Currently, CDW ismainly utilized as a raw material for recycled aggregates in agijits

such as road base and road fillinB$ Maria et al. 2018, p.-3).

Fine fraction(FF) from CDW is a heterogenic wastection with a particle size typically
below 20 mm (Puhakka 202Rj6nkéare Palmroth& Rintala 2016, p. 35 Janj Kaczala,
Marchand, Hogland, Kriipsalu, Hogland & Kihl 2016). It is generatedduring the
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construction and demolition wasteparation at waste treatment plant and containsrete,
brick, ceramicglass andalso ligh fractionssuch as plaster, styrofoam, plasaad wood
(Puhakka 2022)The annual amount of fine fraction generation in Finland can be up to 200
kilotons (LahtelaMunir, Rasilainen& Kéarki 2023).Currently the fine fraction ismainly
utilized as construction material in landfilés as an enerdyy burningeven containing only
relatively small amounts oforganic materialyPuhakka 2022 LaineYlijoki, Castelt
Rudenhausen, Kaartinen, Karki, Pellikka, Punkkinen, Saasamoinen, Wabhlstrom
Pohjakallio2018.

Finding applications foithefine fractionfrom CDW, supports sustainable use of materials
and the concept of circular economynd it implemens the waste hierarchyThe
characteristics ahe fine fractiormust beknown,andsuitable sorting technologiegedbe
discoveredto improve the value chain of the materiad order to findmost 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 amgiestions

The research problemtise missingnformation about fine fraction”s material and elemental
composition, properties such as compressive strength, moisture ctimen¢tical density,

dry density, particle size distributiprand particles’ shapdn order b find proper
applications for the waste fraction, these characteristics are essertitity. Still, even

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

fine fractiongeneration by proper selected sorting technologies. In addition, because there
are no products othe marketout of fine fraction permitand regulation relateidsuesfor

the useof fine fraction asa material in new products must be clarifietherefore,the

research questions oftmsa st er @re: t hesi s

1 Which are the mosimportantfactors influencingon the use of fine fractionsa

materialfor new productgrom regulationsandpermit point of view?
1 Whatis the material content and properties of firection?

1 How doesf i ne fractionos gual ity and proc

properties?



1 How shouldfine fraction be treated tionproveits value chain?

1.2 Objectives

The objective of t ahdlysethengaadity, physica propeltiesamnds i s
elementabndmaterialcompositionof thefine fractionin order to find suitable applications

for it as amaterial in productsAlso, the aimis to providesuggestiongabouthow the value

chainof fine fractioncouldbedevelopedy focusingonthelow-carbornprocessingnethods.

In addition,the objectiveis to recognizethe neededperationdor thereuseof fine fraction

in products,andto discoverpossibilities to eliminate the classificationof fine fractionasa

waste.

1.3 Research methods

Thenmnet hod triangul ation wil | Twoeindapéndehtidatee d i
sources will be sedin this research teupport each other by givirapswers to the research
guestions, and to solve the research problEnetwo data sourcesised in this thesiare
literature review and laboratory testhe utilization of the method triangulation increases

the reliability of the research.

The researchmethods will be divided into qualitative and quantitative orgterature

reviewis carried out as gualitative method to collect information abdathnologiego

separate soliand constructiorwastebut also mineralsand methods to analyze the fine
fracti on sampl eds p r o pabaratoiy dests aen chrried ouh@O & | t |
guantitative methodlo produce numericalesultsof the quality andproperties of the fine

fraction sample.

Main databases to collect information for the reseavehe LUT Uni v e rlibrary,y 6 s
Scopusand Google ScholaMain types of sources are boolendscientificarticles Sources

used in this researaterepublishedmaximum 10 years ago to increase the reliability of the
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research. @ll, some older referencesereuseal onceensuredthat the informatiorwasnot

outdated, and if no more recent informatiwasavailable.

1.4 Expected results

Thi s mast er 0s eneliefarmasion twisdiehtificdielda d aat f i ne fr
guality, composition, and propertie&s a generalized respfuitable sorting technologies
aresuggestedh this thesisn orderto develop the value chain of the fifractionand hence

to suprt waste treatment plants to produce fine fraction Wigherquality and properties

for reusepurposesThe descriptiorof permit and regulation®latedissues related to these

of fine fraction in new products could be generalized to other waste fractions asushbl|

as for ashes from heat and electricity producti@umality and properties of fine fractioas

wel | the proposed technol vayé chanyevealedn this r e a s
master pn Itlhhedsei suti |lize i n the fAAlprojegTheuot t
goal of this project is to producéZine fraction by defining its quality, quantity, properties,

and license related issudmjt alsoto improwe its value chain through different processing

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



2 Literature review

In order d 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 toimprove the value chain ahe fine fraction,along quality and propertiesurrent

sorting technologies in solid waste and mineral processragbeclarified. In order b use

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

specific product related legislations must be followed.

2.1 Waste égislation

In Finland the waste legislation, Jatelaki 646/2011, follows Elstedegislation\Waste
Framework Drective 2008/98/EC, bufatelaki 646/2021tan be wider andhore strict in

some area@Mlinistry of the Environment 2023. According toWaste Framework iBective
2008/98/EC of European Parliament and of the Council of 19 November 2008 ommdste
repealing on certain Directivesninimizing negative effects for human health and
environment for waste generation and management should be the main objecthes of
waste policy. Reducing the use of resources and following the waste hierarchy are important
aspectsn the waste policy as well. According to Jatelaki 646/2@14 maintargetof this
regulation is to support circular economy and sustainable use of neggmlrces, to
minimize the amount of waste, and to reduce the harm that wagte/aste 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 Igterin

2.1.1 Waste hierarchy

Waste hierarchy is a base for EU waste management (Europeani€soon 2023)The five
steps of the waste hierarchy are presented ifithee 1. According toWaste Framework
Directive 2008/98/ECS8 4, the five steps of waste hierarchg:a

1. prevention,
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2. preparing for reuse,

3. recycling,

4. recovery, for example energy recovery, and
5. disposal.

The aim of the waste hierarchy pgimarily to avoid waste generation. If the waste is
generategthe secondbestoption is to prepare waste foruse. f the reuse 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 exampieesnergyproductionor by replacing other materials

in specific purposesAt the bottom bthe waste hierarchy is disposal of waste which is the
worst option. (Jatelaki 646/20E18.) So,preventing waste generatishouldalwaysbethe
preferred option and landfilling the last option after raise, recycling, and recovery
(Ministry of theEnvironment 2028).

PREPARING FOR RE-USE

RECYCLING

RECOVERY

DISPOSAL

Figurel. Waste hierarchy (European @mission 2023).

2.1.2 End-of-Waste criteria (EOW)

The purpose of Bd-of-Waste (EoW)status is primarily to reduce the workload caused by
waste regulation towards the recycled materials, andnprove the status of recycled

materials compared to virgin ones. Eatatus can help for example in storaging and
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transportation, whethe waste legislation is not applied for the material. Howewecase
obtaining the EoVétatus causes more workloadmeared tdollowing the waste legislation,
the status is not necessarily profitable (Kaupgilaunen Hakkinen,Salminen& Lazarevic
2018, p. 22; p. 884).

According toWaste Framework Pective 2008/98/EC8 6 and Jatelaki646/20118 5b,
classification ofcertainwastes aswastecanbe ceasedif the waste material or object,has

undergonarecoveryor recyclingoperationandif thefollowing requirementarefulfilled :
1 There should be a specific purpose for the material or object.
1 There is a market or demand for thaterialor object.

1 Material or object fulfills technical requirements for fhepose ands according to

standards and legislations of syecificapplication.

1 Material or object do not cause harm for the human health or the enviro{Wiastie
Framework DOrective 2008/98/ECS 6; Jatelaki646/20118 5b.)

In Finland with separate regulations given by the Governmean be provided more
detailed evaluation criteria for the EoWlassification for certain types of wastesitelaki
646/20118 5b). If the EoW(criteria is not legislated by the Finnish Government nor by th
EU for the specific waste fraction, the environmental permit authority can admit the EoW
statugn certain casef®r the materia(Jatelaki646/20118 5b). In Finland theenvironmental
permit is appliedeither fromELY (Elinkeino-, liikenne ja ympaéaristokeskusCenter for
Economic Development, Trapsrt and the Environmententeror from the municipality's
environmental protection authorify mpéaristéhallinnon verkkopalvelu 20RZEven in these
cases, thabovementionedequirementsor EOW must be fulfillegdand the Environmeat
ProtectionAct must be followedn addition,the one who is placing this kind of material on
the market, or the first user of the material in the €adeerethe material is nogeton the
market, must enge that the material is according dbemical andproduct legislatios.
(Jatelaki646/20118 5b) Currently, there is only one material in Finland, crushed concrete,
that has received its own regulati@f66/2022)egarding to the EoW criteriMinistry of

the Environment 2028.
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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 (Jatelak646/20118 15). Separately collected fractions must be transferred to
waste treatment facility where the waste willgreparedor the reuse, recyclmor other
activities that utilize the materiddest possible wags possible(Valtioneuvoston asetus
jatteista 978/2028 26.)

Separate collection of waste, including CDW, can only be disregandegseone or more

of the following conditiongrefulfil led:

1 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.

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

the overall effects of waste management for the environment.
1 Separate collection of waste is not possible.

1 The costs of separate collection are unreasonable while considering the lremefits
the economy point of viewJatelaki646/20118 15.)

2.1.4 CDW legislation

The one who is rg@nsible on the constructi@md demolitiorproject must follow the waste
hierarchywhich is presented idatelaki 646/2018 8 and inWaste Framework iDective
2008/98/EC8 4. Usable construction materials and objects museébevered, and the waste
should be generated atlé as possible, and the waste should be as harmless as possible.
(Valtioneuvoston asetus jatteista 978/2826) Hence, he goaket by EUs to utilize CDW

at least 70% by weight annualbtherwise than as an energy or fuel, excluding soil and
aggregate generated from rocks and soils, and hazardous Wakieneuvoston asetus
jatteistd 978/2028 27; Waste Framework ibective 2008/98/EG 11).

CDW and its fractions generated during theste 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 bibdegradable and organic matters in waste cannot be more than

10% determinedout of the total amount of organic carbon or loss in ignition.
(Valtioneuvoston asetus jatteista 978/2@228.)

The waste holder mustrange a separate collectifor construction and demolition waste

with some exceptionat least for the following fractions

)l
)l

concrete, brick, mineral tileand ceramics, sorted by typiepossible,

asphalt

bitumen and roofing felt,
gypsum,
unimpregnated wood,
metal,

glass,

plastic,

paper and board,
mineral wool, and

soil and aggregatéValtioneuvoston asetus jatteista 978/2@226)

2.1.5 MARA regulation(Valtioneuvoston asetus eréiden jatteiden hyddyntamisestéa

maarakentamisessa 843/2D17

In Finland, Valtioneuvoston asetus erdiden jatteiden hyddyntdmisestd maarakentamisessa

(843/2017) is known as MARAmaarakennus, earth constructioeyulation.It is applied

for professional earth constructions andemporary storaging of specific wastes

(Valtioneuvoson asetus eraiden jatteiden hyédyntadmisesta maarakentamisessa 843/2017

2). Its purpose is to help to utilize wastes in earth constructigndeterminingspecific

conditions (Valtioneuvoston asetus erdiden jatteiden hytdyntdmisestda maarakentamisessa
843/20178 1). If MARA regulation can be applied for the waste material anidtisded

application,information to ELY centewhich acts as a supervising authorgyenoughand
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therefore environmental permit is not requi@tltioneuvoston asetus eraidgiiteiden
hyddyntamisestd maarakentamisessa 843/2@1; Suomen ymparistokeskus &
Ymparistoministerio 2022ELY -keskus 202)L

According to MARA regulation,waste materials such a&sushed concrete, bricks, and
asphalt, ashes from coal, peat and woohbustionandslag from waste combustiaran

be utilized in earth constructionslowever, specific quality requirements and limits for
harmful substances mentioned in the MAR egul ati onds appendi x
(Valtioneuvoston asetus eraiden gidien hyddyntamisestd maarakentamisessa 843/2017,
Appendix 1& 2). The earth construction applications for these waste mattrifilling the
requirementdeterminedin MARA regulation ardanes, fields, pengers, and foundation
structures for industriadnd warehouse buildings (Valtioneuvoston asetus erdiden jatteiden

hyddyntamisesta maarakentamisessa 843/88)1L7

2.1.6 Conformité Européenn€E) marking

Conformité Européme (CE) marking indicates that the guiuct 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 produtttdapanufacturer

or its authorized representative, and it is not issyedrbauthority 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 afiadtbody before the CE marking is allowed to be
attached to the product. The marking is only acceptalbe &ttached to the products that
require CE marking mentioned in their product legislation, and the marking must be always
attached to these prodscCE marking must be attached for examigé¢oys, machinery,

lifts, electrical appliances, personal protective equipment, certain construction products, gas
equipment, and measuring instrumehtswever CE marking is not a general safety label,

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

(Turvallisuus ja kemikaalivirasto 2023

Recycledmaterials such as recycled aggregates from Chdlflpw aggregate standashd
therefore they must have CE markimgcase CIW material is used for constructions

purposes(Zhu, Lonka, T2htinen Anttonen, Isok¥@nt?, Knuutila, Lahdensivu,Mahiout,
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Mantyl2, Raimovaara, Rantio, Santoné&n Teittinen 2022, p. 28 Laurila 2019, p. 4)
Therefore, CE marking is a product specific aschot depen@nt on the origin of the

material.

2.2 Circular economy

The world will consumevastefor three globes, and the annual amount of waste will be
increase by 70%y the year of 2058ccording to A new Cc¢ular Economy Action Plan For

a cleaner and more competitive Eurdgelf of the greenhouse gas emissions and over 90%

of biodiversity losses and water stresses are due to resource extraction and processing. To
overcome this problenEU needs to go towasdnto a situation whenmore resources are
returnedo the planet thaaretakenfrom it in orderto keeptheresource consumption within
planetary conditionsand to double the use of circular materials in during the following
decade(A new Circular Ecaomy Action Plan For a cleaner and more competitive Europe
COM/2020/98 1.)

The consumptiorof materialsand production methods must be changed to be more
sustainabldoy following this circular economyaction plan. The total of 35 regulatioasd
initiative in the action plamr el ated to different sectors
recycling are guiding the concept of circular economy. The focus iheproduct design
phasebecause itan affect up t@B0% of theenvironmental impact duringr oduct 0 s
cycle.The aim of the sustainable product policy is that by the year &, pd8ducts in the

EU market aredurable with long lifetime, repairable, updatable, reusable,- re
manufacturable, manufactured manly from recycled materials witheotfidlachemicals,

and safely recyclable back to materials at the end of the life ciMieistry of the
Environment 2023h

Constructions and buildings aaesignificant sector in the use of materials and in the waste
generation. Around 50% of all matesakre used in construction sector, and they produce
up to 35% of all waste in EU. Around12% of total national greenhouse gas emissions are
from material extractionmanufacturingand renovating otonstructionsUp to 80% of
those emissions could lefiminatedby more efficient use of materialShe 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 Wwhstes.
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strategy tkes account the principles of circularitgraugh the lifecycle of buildings for
example byconsidering a revision of material recovery targets set in EU legislation for
construction and demolition waste and its fractigasnew Circular Economy Action Bh

- For a cleaner and more competitive Europe COM/202028) In addition the
performance, availability, costs, and safety are challenges that recycled materials face while
compaing to virgin materials. With the action plahe gap between these faxsis tried to

be reduced.A new Circular Economy Action PlanFor a cleaner and more competitive
Europe COM/2020/984.3)

2.3 Life Cycle Assessment.CA)

Life Cycle Assessment (LCA) isstandardize@pproach to waste prevention by analysing
product® or servicesd environmental impact during their life cyclehe 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 dispo&lomen
Ymparistokesku®022 Chandrapp& Das 2012, p. 18Devaki & Shanmugapriy2020, 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 h&psiondnaking.
(Devaki & Shanmugapriy2020, p. 769

According to LCA analysis made by Hossdoon,Lo & Chengin Hong Kong(2016, p.

67, 76), the use of aggregates manufactured from CDW compared to natural aggregate
production can reducgreenhouse gas emissions by 65% with 58% savings in non
renewable energy consumptioasid the net environmental impacts can be reduced by 50%.
Manufacturingof minerals incluthg extraction, processing, and handlipgoduces/% of

the global energy consumptioand the transportation of minerals produces around 40% of

theenergy consumptions theconstruction industry(Hossairet al. 2016, p. Y

Landfilling CDW hashigh environmental impa@nd no economic benefitRecycling of

CDW has environmental gains by saving natural resources and enhancing green
consumption(Devaki & Shanmugapriya 2020, p. 766, 788encerecycling of CDW is

highly reconrmended in most LCA studies accordingtevaki & Shanmugapriyé202Q 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,



eledric vehicles instead of diesel or petrol driven ones coulgskd Also, the transportation
distances of CDW should be minimizbeg considering optimal location for the recycling
plant Finally, the consumption of the waste processing plant must be imoted case of
CDW treatmenfor example by focusing on dry processing instead of wet processing which
typically requires more energfpevaki & Shanmugapriya 2020, p. 766, 76®ssain 2016,

p. 6768; Di Maria et al. 2018, p. 19

2.4 Construction andlemolition waste (CDW)

Construction and demolition sector uses aroun&@®® of the raw materials globally, and
construction and demolition was(€DW) is one of the largest waste flows in the world
generatind3 5% of t he (@areidChldes RemadOluemi 2020, p. 1878Di
Maria et al. 2018, p.;3A new Circular Economy Action PlanFor a cleaner and more
competitive Europe COM/2020/98CDW is generatediuring the building phaserepair,
remodelingand in the demolition of constructions. Road®sidentialand nonresidential
buildings canalsobe classified as construction(€hristensen & Anderson 2011, p. 104
Peuranen & Hakas®014 p. 11 GalvezMartos et al. 2018, p. 167

The constructiorand demolitionwaste compositiors varies significantly depending on
wherethey arecollected Used materia and construction techniques among the economic
situation in the country have an effect on the amounts and typgsnefatedCDW. (Di
Maria et al. 2018, p..BThe biggest share, arou&%, of the CDW is composed of concrete,
brick and mortar according t@alvezMartos et al.(2018 p. 16§. Also, large amount of
wood and plagrrboardcan existdepending on the origin of the waste fractiGalvez
Martos et al2018 p. 166. Anothermaterialgroupsin CDW among concreteyricks,and
gypsum are metals, plastic, solvenend hazardous substances such as ashi@&ststte
2017, p. 7. There is a difference inhe compositionof waste gathered from new
constructionscompared todemolition sites.Also, the waste composition will vary in
different stages of constructian(Liikanen et al. 2018, p..B For example the road
constructions generate excavated materials, and demadaftmonstructions generates huge
amount of concrete/aste And still, they both can be classified as CDWalvezMartos 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 igreater in Finlandhanin many other countries
(Peuraner& Hakaste2014 p. 11)

Some problematic materials that usually are no longer used in new constructi@as but
occur in older buildings are for example asbegtos;vinyl chloride certainmineral woos
that contairs leachable phenaglsnsulation foamghat contans chlorofluorocarborgases,
impregnated woodhat contairs creosote, arsenic, copper and chromiumywpbd that
contairs formaldehyde, glazed tilethat @ntans lead, and joint filles that contairs
chlorofluorocarboror polychlorinated biphenylSome older heavy paintings, oil, saad

tar on top of the objects may be problematic as wehrigtense& Anderson 2011, p. 106
These kinds of materials should be paid attention dah@demolition and waste treatment

in order to produce safe recycled material with high quality.

The separation of CDW dst place of origin will improve further utilizingossibilities of

the waste materiaAccording to Lehtonen (2019, p. 7®eparate 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 separatiorhereseparate collection demand set by Finnish
government (Valtioneuvoston asetus jatteista 978/2021 § 26) is fulfilekdtonen 2019, p.

77)

However, gparatingCDW into own fractions before transferring them into waste treatment
facilities will be beneficiafrom econonical point of view. For example iB023 atEkokaari

Oy, it is free to bringunimpregnated wood into waste treatment facility. phee for mixed

waste canbapto2 00U per ton when the content of w
fractions such as paper, board, plastic, wood, and m@aiskaari Oy 2028) In addition,

met al waste i s a val uhdohematraltgeumCBWthathed t he
receiver might even pay (Zhu et al. 2022, p. 27

Earlier CDW wasmainly only landfilled because it was not seen problemfaibm the
environment point of viewNowadays it is understood tH@bW containcontaminants 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. J@urrently,the aim is to landfill as
little CDW as possibleandit is mainly usedto produce recycled aggregates to replace use

of natural aggregates in different applications such as for road base and road fillings, or as a



raw material for concrete (Di Maria et al. 2018, p};3d.ehtonen 2019, p. 11%till, some
waste fractions are lantléd because they cantbe 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 stre@mehtonen 2019, p. 78

2.4.1 Finefraction

As reported by MartinsMuller, Maio, Forth, Kropp, Angulo& John (2013, p. 195)fine
fraction (FF) is generated when mineral part of CDW is recy@lleelamount of fine fraction
according to Martins et al. (2013, p. 1296) from CDW is 2050% depending on the
processing technologyAccording to LaineYlijoki et al. (2018, p. 19)20-40% of fine
fraction is generated the CDW treatment. Acording to Nasrullah et al. (201,4he amount

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

According to Martins et al. (2013, p. 19%articlesin CDW with size below 4nm are
defined as fine fractiorConcrete base@DW particles with size belowrdm are defind as
fine fractionin the study ofrias Vigil de laVilla, MartinezRamirez FerndndexCarrasco,
Villar-Cocifia& GarciaGiménez202Q p. 9. In the study of Correia et al. (2020, p. 1879)
fine fraction from CDW was between particle sizes of GEmm.As reported byvionkéare
et al. (2016, p. 35¥o0lid waste particles smaller than 0n are defined as fine fraction and

mentioned by Jani et al. (201@he fraction are particles with the size of hdn or 20mm.

In this study CDW particles below size of X&m collected fronilip-flop screen at Ekokaari

Oy, are defined as fine fractioAround 38% of fine fraction with thparticle size of @5

mm weregenerated in Floflop screen when thperformance of waste treatment line was
tested at the sorting line of Ekokaari Oy in 2018. Two trials were made with the input of
4 0 Rg®IOCDW-alike material in both runs. (Enerec 2018

The material content of fine fractios dependent on the inpwiaste stream, meanirigpm

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 w&@#n some amounts of metals can

be found from FF even theyare tried to remove from the waste strehnoughmagnetic,

electrostatic, or eddgurrent separatiorMore detailsaboutthe defined material conteraf
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the fine fraction studied in this thesian be found from the Results chapMore detailed
description of the generation @ihe fractionused in this study can be found from the

Materials and Methods chapter

Currently, fine fraction from CDW is mainly utilideas a construction material iandfills

as long ast fulfill s the minimum requirements for the lindRRuhakka 2022Correiaet al.

2020, p. 1878 Traditionally clayg soils, mostly bentonites, are used as a construction
materialby landfill liners (Correiaet al.2020, p. 1877). An advantage of usd Wé s f i ne
fraction as a construction material in landfills is that the material is produced near to its
application wha the waste treatment facility utilizenaterial in their local landfills. Also,

the use of FF is beneficilbm economical point of view(Correiaet al.2020, p. 1878

In addition evenup to 150 Kotonsof fine fraction from CDWcouldbe utilized asenergy
due tolack of better usen Finland estimated by Puhakka (2022ijll, utilization of FF from
CDW as energy might be problematic becamsay materials in CDWecontainonly small
amount of energfLaine-Ylijoki et al. 2018) Organicmaterialsn FFthat can be turnedto
energy by burningra for example fibers, wood, plastic, and background paper fh@mn
plasterboard (Lain&lijoki 2018, p. 18). Therefore,when FF from CDW is burred
relatively small amout is turned into energynd the larger parstill remainsas a waste
material This leads to a situation whenraste fractiorstill existseventheowner is changed

to incinerator instead of the waste treatment facility.

2.4.2 CDW in Europe

In Europe the construction sector producasound820 million tons of construction and
demolition wasténcluding soilswhich is almost 50% of the total amount of generated waste
produced inEuropeanarea(GalvezMartos et al. 2018p. 166 Deloitte 2017 p. 7). The
amount of CDW produced in different countries in Europe seemsdorbaatingwith the
population. In general, large countries genenmawst CDW. (Deloitte 2017, p. 13

Largestmaterial groups of CDW according to Deloitte (2017, p. 15)@alvezMartos et
al. (2018, p. 18) areconcrete, bricks, tilesmasonryand ceramicsSignificantly greatest
fraction ofthe CDW was mineral waste in 2012 in Europge(oitte 2017, p. 1b Other

CDW fractions among mineral wasikeere ferrous metal, neferrous metal, mixed ferrous
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and nonrferrous metalglass plastic wood waste containingolychlorinated biphenyjsand

other mineral waste exatling construction and demolitiamaste, combustion waste, soils,
dredging spoilsandwaste from waste treatmefithe average variation of CDW material
compositions in Europe is presented in Tladle 1,and nore detailed material distribution

of certain European countries of CDW can be seen fhenfrigure2.

Table 1. Variation of CDW material composition (modified Galvézartos 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 0,24
Gypsum 0,2-0,4
Plastics 0,1-0,2
Miscellaneous 2-36

100%
. =17 09, Other construction and
90% demolition wastes
80% u 17 08, Gypsum-based construction
material
70%
60% = =17 06, Insulatiop !'naterials anq
asbestos-containing construction
50% materials
17 04, Metals (including their alloys)
40%
0,
30% 17 03, Bituminous mixtures, coal tar
20% and tarred products
10% m17 02, Wood, glass and plastic
0%
) b @ O {\’3’ S Ry =17 01, Concrete, bricks, tiles and
&‘Q é& Q,‘;\OQ (3‘0 \,oq & > 0(“9 \0‘5&- ceramics
G@ er \S‘g, Q )
N

Figure2. CDW materialsharesn certain European countries (Deloitte 2017, p. 16).
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2.4.3 CDW in Finland

Construction waste was generated 15,1itM2015 in Finlancbut of which 190000 t was
defined as hazardous wagtaine Ylijoki et al. 2018, p. 14)In Finland, around 58% of
CDW is generated from renovation, around 27% is from demolitionpalydl5% is from

new constructions (Lehtonen 2019, p. 1A)ound 51000 buildingswere demolished in
Finland between the years 2002021 .Main building material is known fahehalf of these
buildings whichwaswood with 87%share (Zhu et al. 2022, p. 1pAccording to Liikanen

et al. (2018, p. 2, 10}he greatest share, around® ®f construction wasta Finlandis

wood (26%),aggregée (25%), and plastiq18%) Aggregate category includes gypsum,
concrete, bricks, and other aggregates. The wood category includes chipboard, plywood,
impregnated wood, parquet, laminate, painted and varnished wood, and pur€ategdry

of plastics includes films made of plastiard plastics excludinBolyvinyl chloride PVC),

and PVC. Other categories which cover 30% of construction yeatebe divided into
subcategories such as paper and board, mineral and glass wool, metals, glass, roofing felt,

and other including for examplextiles and urethan@.iikanen et al. 2018, pt.)

Liikanen et al(2018) havestudiedthe composition o€DW in Finlandby collecting CDW
samples from six differemhixed CDW loads at Etelarjalan Jatehuolto QyThe resuls
of CDW material contentetermined by Liikanen et al. (2018)e presenteth the Table2.
Liikanen et al. (2018) also compared the CDW content in Fintavad different studies
which waschallenging due to differences in waste classificatifing<anen et al. 2018, p.
13.) Reason for variatiobetween studiis duemany factorsuch as where it is collected,
and which construction materials have been u3ég composition of CDW in Finland
according to different studies presentedn the Table3 and in the Figur8. The gypsum is

classified as aggregate in TaBland Figure 3.
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Table 2. Detailed material content of CDW in Finland Etel&aKarjalan Jatehuolto Oy

(modified Liikanen et al. 2018, p. 10yalueswritten in graycolour have been taken into

accountintheTa bl eds wupper | evels.
Material fractions [%0]
1 Aggregate 17
1.1 Concrete 3
1.3 Brick 2
15 Other aggregates 12
3 Gypsum 9
4 Wood 26
5 Ferrous metal 4
6 Glass
7 Plastics, rubber, styrofoam 18
& PVC
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 contenof construction waste in Finland accordingdidferent studies
(modified Liikanen et al. 2018, p. 13)he average values in Table are calculated fifoen

shares visile in Table excluding rows with no values.

Liikanen et Ronkanen Vanhala Nasrullah Calculated
al. 2018 2015 2010 2014 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%
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Material content of CDW in Finland

Liikanen et al. 2018 Ronkanen 2015 Vanhala 2010 Nasrullah 2014 Average
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Figure3. Averagematerial contendf construction waste in Finland accordilogdata from
Table3 (modified Liikanen et al. 2018, p. 13; Ivanovskis 2019, p. 72)

2.4.4 CDW and fine fraction inKymenlaalso waste management area

Kymenlaakso is a region ithe southeast Finland wittabout 160000 inhabitants
(Kymenlaakson liitto 2028. Hamina, Kouvola, Kotka, Pyhtaa, Miehikkala and Virolahti
arethecities and municipalities located in Kymenlaakso (Kymenlaakson liitto 2028b).
Lapinjarvi and Mantyharjuare cities thatare not locatedn Kymenlaakso but re still
belonging tahe waste management area of Kymenlaakso and therefore their waste volumes
areconsideredn this study.(Lahtela et al. 20231 n t hi s mahe analyzédfine t he s
fraction material isgeneratedhroughEkok a a r i flip@op &zeenMain input material

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

is thefine fraction fom construction and demolition waste.

In the study ofLahtela et al. (2023)annual vaste amounts by their type are taken from
YLVA databasdn that databasélifferent waste fractions are categorized by their type with
European Waste Catalogue (EWC) codietween years d201932021, theyearly amount
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of CDW (EWC: 17)wasvarying betweer270,4349,7 kt in Kymenlaaksout of which the
share of hazardous wasteasv40,157,0 kt,and therefordhe share of usable materials
generated from construction and demolition was 2B88@2 kt The annual amount of
mixed constructiomnd demolitionwaste(EWC: 17 09 04wasreported to b&1,9-36,4 kt
from which the annualirie fraction amount can be calculatedbe 6,414,6 ktby using the
share of 2840% as definedby LaineYlijoki et al. (2018,p. 19). The more detailed list of
EWC codes can be found from tAppendix 1.

Y early amount of fine fractiooan be calculatedisofrom thevalues fromYLVA database
under the code 19 12 12other wastes (including mixtures of materials) from mechanical
treatment of wastes other than those mentioned in 19.1/&2ddnd 25% of ine fraction is
generated N wast eds me cdmpared todhe amounemput westa stream
according to Lahtela et al. (2023) investigation20192021 the other wastes (EWC: 19 12
11) was reported 3;25,9 kt annuallyfrom wherethe amount of fine fraction can be
cdculated to be 08,5 K.

As summari zed, the yearly amount of fine
management area can be aroun@® kBywhen takingnto account both the fine fraction from

mixed CDWwith the share of 28%nd the fine fraction from the mechanical waste treatment
with the share of 25%Annuala mount s of CDW and FF in

management arahuring20192021 are presented in thable4.
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Table4. Amountsof CDW and fine fraction in Kymeabkso waste treatmeateaduring
20192021in kilotons [kt] (modified Lahtela et al. 2023}Lines written in graycolor are

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

2019 2020 2021 :\:‘é‘r‘ge
[kt] [kt] [kt] [k]
CDW (EWC 17) 302,2 349,7 270,4 307,4
The share of imed CDW (EWC 17 09 04yom
CDW (EWC 17) 35,4 36,4 31,9 34,6
Fine fraction from mixed CDWEWC 17 09 04)
calculated by thehare of 2840% fEa T 7 slas ) 64128 10,3
Fine fraction from mixed CDW (EWC 17 09
04) calculated by the share 028% 9.9 10,2 8.9 9.7
Wastes from mechanicalastetreatment (EVC
19 12 12) 25,9 19,5 3,1 8,5
Fine fraction from Wastes from mechanical
wastetreatment (EWC 19 12 12)calculated by 6,5 4,9 0,8 4,1
the share of 25%
Total amount of FF (FF from mixed CDW
with 28% + FF from mechanicalwaste 16,4 15,1 9,7 13,8
treatment with 25%)

2.5 Ashes & fine fraction

Ashes fromheat and electricity productianight be a potential waste material sounteen

new applicationgor CDW's fine fraction are discoverefiround 1,5 million tons of ash is
generated annually iRinland out of around 2,2% is generated tine Kymenlaakso area

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

2023. Ash is generated in Finland mairlyroughheat 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 froMLVA databaseDuring 20192021, the annualamountof

ashes categorized undewC 10 0Ol1iWast es from power station
pl ant s (\as\agipgtbetvie®n),@91,4kt in Kymenlaakso out of which the share

of hazardous waste was 0,00,81 kt.In thesame period, ashes were also categorized under
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which of the share of hazardous waste was varying-3®,¥ kt. Therefore, the amount of
usable ash generated anmyah Kymenlaakso when the share of hazardous waste is
removedis variating between 92,154,2 kt when the data between year20191 2021 is

utilized.

Different kind of ashes are divided based on in which part of the boiler ash is collected
(bottom astor fly ash)and based on the composition of used fuel in combustion process
Grate firing and fluidized bedfiring are the mostommoncombustion processes. The
amountf bottom astandfly ashvariates depending on the combustion prodedtuidized

bed firing, the share of fly ash is 8000% and the rest will be bottom ash, whitegrate
firing the share of fly ash is only-80 % and the share of bottom ash can be up to 95%. In
addition, in fluidized bed firingsand is used in the process which emamto bottom ash
There is also difference ithe particle size distributiorbetween different combustion
processes. The particle size distributionvider in gratefiring compared to fluidized bed
firing. (Arnkil et al. 2020, p. 15Kiviniemi, Sikid, Jyrava, Ollila, Autiola, Ronkainen,
Lindroos, Lahtinen & ForsmaR012, p. 9 Properties differ also between the fly ash and
bottom ash, wheréhe particle sizes diribution offly ashis only 0,0020,1 mm andin
bottom aslthe distribution can bep t00,00216 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 prdocese usedArnkil et al. 2020, p.

10). Currently, aslis mainly seen as a side stream from energy produdiioe 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 betithe@ower 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. 202@,1).In addition, the longer

the transportation distance, the greater environahéairm.

Ash is classified as waste, so its further utilization is defined in waste legislation and
environmental protection act, and in their regulations (Kiviniemi eDal22p. 8) Ash origin

from wood and peatombustionis generated up to 6@MO tons annually in Finland, and
they can beutilized as fertilizer in swamps because of their nutrient corn@&mnikil et al.

2020, p. 7) Currently, around 100015000 hectares are annually fertilized with ash in
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Finland. The amount of utilized ash per hectare can variate betweer8300kg which
means that up to 120 kilotons of ash could be yearly utilized as a &ertfhankil et 4.
2020, p. 23

Ashes with low nutrient content can be utilized in earth constructiomd)aslening binder

in mine fillings in mining industry, asmaterial source for aluminum and silicmncement
manufacturingand as a material in concrete mamtiiaing by replacingement(Arnkil et

al. 2020, p. 7)Around 100 million tons of aggregates are annually utilized in Finland some
of whichcouldbe replaced by ashéarnkil et al. 2020, p. 24)Ashes differ from aggregates
especially by their porous stiture 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 constructianallowedonly eitherwith anenvironmental permit or
within the limits ofMARA regulation (Arnkil et al. 2020, p. 24owever ashes generated

in combustion of wastes, oils, gassaad 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 ttough an BW status, or landfill if no application is fourtdrnkil 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, thatiteggsprimarily
determine how the material is allowed to ugenkil et al. 2020, p. 5§ Productization of
asheswith no EOW status goes through MARZAegulation or with environmental permit
(Kiviniemi et al. 2012,p. 40).Also, the availability and pperties of ash must meet the
requirements othe application. Finally, profitability of ash should be considered for
examplefrom economy, environment, and carbon footppoint of view (Arnkil et al.

2020, p. 595 From econonical point of view, theprofitability of ash is depending on the
price, availability, and quality of the alternative mater{@mkil et al. 2020, p. 56).

2.6 Mechanicakreatment processésr CDW alike materials

Typical construction and demolition waste treatment facility contains reception, weighting
and visual inspection, manual pgeparation, crushing, rejection and diversion to alternative

treatments, screening, magnetic separation, manual separationreindiff@terial fractions



if needed, and screening and secondary crusBiognmonly CDW treatment plant produces
aggregates from theonganicfraction of CDW, and other fractions such as wood, plastic
and metals are recovereGalvezMartos et al.2018 p. 174) Along these traditional
separation methods for CDW and solid waste, also sdras@md separation methods are

applied in recycling sector.

In dry mineral processingnateriab areseparatech dry conditions with variougechniques
which are based dior example materiafglensities, electrostatic behaviors, aifferences
in themagnetic susceptibilitfChelgani& Neisiani2022,p. 30, 59 91). Also, senscbased
technologies are applied in mineral process@igelgani& Neisiani2022, p. 125).

All separation technique®r solid materialsfrom different material separation sexs
including mineral processirgnd solid waste separatiaran beseen afeasiblemethods to
increase the value chain of the fine fraction. The use ofseparation methods is not
beneficial in the environmental point of view in this study because the drying process

requires energy and therefore, they aredattfrom this overview.

2.6.1 Preprocessing

Waste can be presortethnuallybeforemechanicakorting procesdn manual sortingthe
recognition criteria can be colour, shape, luster, transparency, or/Auasigssaki2018,
p. 638). Manual sorting can be done @eggative sorting or positive sortinig. thenegative
sorting the unwanted materials are pickedt from the waste streansuch as some
hazardous fractiongn thepositive sortingmaterials that are wanted to continu¢hiewaste

treatment process wible pickedout from the waste streanfChandrappa & Das 2012, p.

87).

2.6.2 Size reduction

Size reduction is a mechanical processdovertwaste objectinto smaller particle size

which leads to smallerolumes makingseparation, handling, storing, and latitig easier

The size reduction for solid waste can be done by shredding, grinding, granulation, and
milling. (Anastassaki2018, p. 9.
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Size reduction with ammer mills crushers and impactorsire based otheir impact force
(Anastassaki2018, p. @9). With hammer mil] the material to be crushed is fed via feed
opening into hammer cyclelammergotateat highspeed while colliding with the particles
Particlesd size is reduced by hit ofthehamm
inner surface of the hammer cycle, and by shear and attrition forces between the particle and
screenopenings at the bottom of the deviemmmer mill is effective with brittle materials,

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

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

at the bottom of the devi@ndit is usedwith bulky materials(Anastassaki2018, p. 81.)

Shredding can be used to redymeysical sizeof solid waste objestby a shear force
(Chandrappa & Das 2012, p.;9%nastassaki?018, p. 82). Size reduction is achieved
through shear shredder when material is fed between typically two-sjmed
counterrotating parallel shaftgth toathedcutting bladesDifficult materials such as metals,
tires and bulky itemsan be steddednto coarse partickwith shear shreddefAnastassakis
2018, p. 82)

2.6.3 Screens

Screening is a separation process that is basggar t i ¢ | e 6 s Paptitles svithc a |
physical di mensi ons bel owedthiough tsesereere andthe o0 p €
bi gger particles with di mensi msdrappph&Das t he
2012, p. 87)Particles pas#ng through the screen can be called as fine fractiadersize

or under flowland t he particl es t haredefmddayovesskzeo v e

material over flow or remaining{Anastassaki2018, p. 63).

Drum screerns also known as trammel or rotary screandit is the most popular screen

type insolid waste processingbandrappa & Das 2012, p.;8¥nastassaki2018, p. 63Y.

Large drum withone or multiplescreening surfaces rotates allowing the separation into
several size fractions depending on the number of different screen sizes. Typically, the drum
is set to be ini5 degree’s angle allowing material move forward insidedtetingdrum.
Particles bela the size of the scre@peningstheunderflow, will pass through thecseen

while the bigger particles, traverflow, are collected at the end of the dryfnastassakis
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2018, p.637.) The basic principle of the drum screen can be seen in the Higutie a two

screen sizes and totally of three fractions.

Under Flow l
Under Flow

Figure4. Principle of a drum scree€handrappa & Das 201@,91).

Separation with disk screen is basednoaterial® physical sizeln disk screen therare
multiple diskswith round, oval, serrated or stahapesthat are attached to the shafts
(Anastassaki®018, p. 68). Rotating shafts are placed close to each other by making it
possiblefor the materiato move forward on disks. Small particles will drop through betwee
the diskswhile larger particles will stay above the disks. Small partitheynder flow will

be collected below the shaftendthe lkrger particlesthe overflow material will travel on

top of the disks and will be collected at the end ofdbreveyoralike-system (Chandrappa

& Das 2012 p. 89-91; Anastassaki018, p. 68.) The distance between the disks can be
adjusted to separate the material floydifferent size fractionsAnastassaki2018, p. 638).

An example of a disc scresgstemis presented in thEigureb.
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Figure5. Principleof a disc screerQhandrappa & Das 2018, 91).

In vibrating screes, the screen is attached top ofthe inclined or horizontal frame which
is vibrating. Separation occurs through the scrdmst with dy materials with granular
outcome. It is usetb process CDW anchunicipal solid wastgAnastassaki2018 p. 637)
Flip-flop screenalso known as Fliplow screerand Elastic Mesigan be classified dggh
frequency vibratory screslFE Aufbereitungstechnik GmbBR023. The operation is based
on vibration and flexible screen medislaterial travels across tH&exible screenpanels
which are attached to thexclined frame that is vibrating in different directions
Simultaneouslyelastic sreers stretchand relax(Figure 6) making materials jump on the
screenallowing finer particles the fine fraction, pass through the screen whierger
particles the oversize materiamove forward on the flexible screen panélse basic

principle of theflip-flop screen is presented in the Figidre

Flip-Flop screernis utilized by many industriego separate for example CDW, municipal
waste, compost, shredded, and other difficult emals. (AEl 2023; IFE

Aufbereitungstechnik GmbBE023. The main benefit oflip-flop screen over other screens
is that the screens do ngét jammedeven with difficult material flows due to the flexible

screen panels (IFEufbereitungstechnik GmbE023)
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Figure6. Flexible screen media of fliflop screen as stretched and relaxed (mod®ielion
2013).

Fne fraction

Figure?. Principle of aflip-flop screen.

2.6.4 Balllistic separator

With ballistic separatodifferentwaste flows includingeDW, can be processefolid waste
is separatedb a s e d 0 n sizp,shape| and deldsiyto three fraction which are 3D
rolling material, 2D flat material, and fine matéria the ballistic separationVaste stream

is fed into series of paddles thatate offset against each othktoving paddlesvith screen
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platesattached to the frame in angle make the matdxainceup or down the slope
depending on material 6s characteristics.
the rolling elementsthe 3Dfraction, move @ opposite direction on the paddles. The fine
particles will drop through the screens in paddigmastassaki2018, p. 60.) Basic
function of ballistic separator is presented in the Figure

Input

2D-fraction

3D-fraction

Hne fraction

Figure8. Basicprinciple of lallistic separator

2.6.5 Separation with air

Separationwith air is based orthe density difference betweetifferent waste materials
(Chandrappa & Das 2012, §0; Anastassaki018, p.649). In densitybased separation
mainly two fractions are chieved.In solid waste separatiptight fraction is typically
composed obrganic materials such as paper and plastic, and the heavy fraction contains
inorganic materials like metals, construction debris and heavy plggtiesstassakif018,
p.649)

Air separators are also known as windshifters and they function in horizontal, vertical or
diagonal direction depending avhich direction air is blown into separation chamber.
horizontal air separatpsolid materialflow is moving ona conveyor beltAir is blown in
horizontal directiorbehind the feeding poimto waste streadifting light fractionwhich is

recoveredwith the help of suction while the heavy fraction remains on the conveyor belt.



41

With vertical (Figure 9A) and diagonakeparatorsmaterial streangoes through the air
locked device keepingerodynamic conditionsonstant in the separation chamber. Heavy
fraction will drop down while the light fraction is suckedrough a duct into an expansion
chamber where the aspiratad is expanded, and the light fraction viiflally drop downto

be collectedAlso, a drum can be attached to the air separatoase ofa high content of
light materials to achieve two or three fractiodmdstassakig018, p. 6495650)

Air cycloneis also known as centrifugal separator and is a gréased separation method
usedin the solid waste separatioand mineral processinddaterial is fed into cyclone
tangentially.Heavier particles, thenderflow, are folbwing a spiral orbit of decreasing
radius inside the cycloneThe underflow is recovered at the bottom of the cyclone
periodically or continuously trough a system that keeps the aerodynamic conditions stable
inside the cyclond.ight fraction theoverflow, containamainly dust and fine light materials

and is recovered by air above of the cycloAaastassaki2018, p652) The basic principle
ofarcycl oneds functikguedBs presented in the

B
) Overflow
Return air 1
tofan — = [][!

fraction

fraction Underflow l

Figure9. Basic principle of A) an air separator with vertical air bigwhot 2023),and B)
an air cyclone (modifiednastassaki2018, p.653.

Air jigs, also known as dry jigs and pneumatic jigee used traditionally in mineral
processing but they are currently utilizaldoin the recycling plants to separate materials
based on densityMaterial is fedinto air jig devicevia vibration driver into inclined

perforateddeck with upward pulsatedral continuous air streamghich loosematerial
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stream and I mpr ove palfAir Sepatate bedvy paetides fraimy st r
lighter ones. Dust collection system is utilized to control dust that is generated during the
process. Alsoa rotarystar discharge gate is used for withdrawal of kdghsity particles.

This separation technique works only with materialh warticle sizes close to each other,
andsizesgreater than 2 miout typically smaller than 50 mrthe most efficient separation

is achieved when the gravity properties are far from each, @hdrthe moisture content is

low to prevent clumping antb enablefluidization. (Chelgani& Neisiani2022, p. 6264,

80-81; Anastassaki?018, p.652) Basic principle of air jig is presentéa the FigurelO.

Feed hopper N Air exhaust

Vibration
driver
Light product
Deck
screen
Pulsed air Heavy product
stream
Blower Rotary star gate
---------- ContinLjous air

@ 3 stream
Flow control

valve

Figurel0. Basicprinciple of air jig @mbr6s2020).

Air table can bealledalsoas pneumatic table, and they are used in mineral processing and
in recycling of secondary materials such as scrap glass, and scrap wires frzulats It

is densitybased separation method, and functions sityiler air jig. Material is fed via
vibrating feeder into porous detkaninclined anglainder which there is an electric blower
creating an upward airflovOn top of the porous deck tieeare riffles in transverse direction

to the material flowParticles will spread and lift with help of the vibration motion of the
deck and the air flow. Once the bed of particles fatlsterial is stratified based on density.

Denser particles will ségdownon the deck and move through channels down to collecting
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bin while lighter particles will floatand getfluidized and drift down the deckaused by
gravity deck being in inclined angle. Separatediples must be close to each other in,size
and between sizes of & mm at least in mineral processing purposes depending on the used
device, materials, and parametefShélgani& Neisiani2022, p. 6567, 7880.) The basic
principle of air table is presented in the Figde

Feed zone A Porous deck
Inlet end 8 Higher side
A I / Higher end
Side slope | ’ =S . { Longitudinal vibration

End slope

Lower side
Discharge end

-
-"
-
-

Riffles

-

High-density fraction

Lower end *

+_ Low-density fraction

<N
S
.
b
Ld

Collecting bin

Figurell. Basicprinciple of air tablerfiodified Chelgani & Neisiani 2027. 66;Dodbiba,
Shibayama, Miyazal& Fujita 2003, p. 73.

In mineral processinghe Air dense medium fluidized bed separator (ADMFB&) be

used to create a fluidizatidmed bycombining air with specific medium particlesuch as
magnetic powder, magnetic pearkslica-zircon sand,or a mixture of fine coal and
magnetite. It is a dry separation technidpased ordensitywhere particle are suspended

by flowing gas to make them move like a fluithe 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 thariluid bed will sink, and lighter particlesstart tofloat. Many

parameters affedb function and separation efficiency of this technique such as mineral
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characteristics, air distribution features, gas properties, and minimum fluidization velocity
asthe most important onADMFBS works with particles between® mm as an input
feed depending on the medium material angadigicle size. Chelgani& Neisiani2022, p.
68-83.) The basic principle cADMFBS is presented in the Figut2.

Exhaust Feed Exhaust
A L
Ehalataabal
K

High-Density Low-Density

Particles WW/ Particles

Compressed Air

Figure 12. Basic principle ofthe Air dense medium fluidized bed separgtmodified
Chelgani & Neisiani 2022p. 73.

2.6.6 Magnetic separation

Ferrous metals can be recovered fitwaste strearthroughmagnetic separation which

is based on electromagnetism. Most typical magnets used in solid waste separation are head
pulley magnets, magnetic drums, suspended belt magnets, and magneti¢-gated 3).

In head pulleymagnetic separatigthe waste stream imoving on a conveyor belt vehe

one end is replaced by a magnet. At the end of the conveyondreferrous materials will

drop down while the ferrous metals stay longer in contact with the conveyaiuedibthe

magnet. In magnetidrum separationmagnet is mounted inside the rotating drum. The
waste streamisfednt o t he dr umo s ferousmdtesialseattaomadeumn g t h
surface caused by a magnet while #fi@mous materials will drop down ke gravity. In
suspended magtic separatignpermanenimagnetic core covered by a conveyor helt

attached above thiin wastestream inparallelor perpendiculain relation to the waste



stream.As with other magnetic separation methods, ferrous metals will be attached to
magnetseparating them from the waste stream. Magnet plates are typically attached above
the waste streamwhich is moving ona conveyor belt. This separation method is used to
separate low amounts of ferrous metals from waste stobeaause metals must be removed

manually from the magngfAnastassaki?018, p.653-657.)

Magnetic pulley
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Figure 13. Basic principles of magnetic separatofg Head pulley magnetic separator
(modified Chandrappa & Das 201p. 96;Anastassaki2018,p. 654. B) Magnetic drum
separator Anastassaki2018 p. 659. C) Suspended magnetic separaf@y Magnet plate

separator.
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2.6.7 Eddy current separation (ECS)

Eddy currentseparatiofECS)is used to separate négrrous metalssuch as aluminum,
copper,brass and zincfrom thewastestream Ferrous metalareremovel from the waste
stream before ECBy a magnet Typically, the waste stream is fed via vibrating table into
conveyor. The aim dhevibrating table is t@pread the materialtmeven layeto conveyor

belt At the end otheconveyorthere is aotating array of permanent magnetsich create

a timevarying magnetic fieldViagnetic field creates electrical currents through the volume
of the nonrferrous particleConstantly varying magnetic fgk causes change in directions of
eddy currentdo induce themselvewith time-varying magnetic field as well to resist the
changeNon-ferrous metdic particles will have a different motion compared to other waste
fractions at the end of the conveyor sad by Lorentz force which is a combination of
electric and magnetic forcadon-ferrous metdic particles will flow awaycaused by those
forces at the end of the conveyor while other fractions will drop down caused by gravity.
(Chandrappa & Das 2012, #5; Smith Nagel& Rajamani2019,p. 149151; Peura 2020,

p. 13-16). The principle of ECS ipresentedn the Figurel4.

Vibrating

9, -
S 90% recovery of non

ferrous metals ranging in
size from 5 mm to 350 mm

'l 1 =

m
Iternating
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Alter
Po
ar

Non-Ferrous
Metals Metals

Figurel4. Eddy current separator with a vibrating feeder andd@len rotary drum (Smith
et al. 2019, p. 151).
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Particles with size range of35 mm are suitable for this separation method. Still, by
adjusting the parameters of the equipment, the size range lmowlitler. (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
nonferrous metallic particles, the equient and its parameters, and the moisture content of

the waste stream (Peura 2020, p.4%.

2.6.8 Electrostatic separation

El ectrostatic separ at i eomductivdy,bltitisaésainfloencednat er
by particl eds danddhsuriateypuyrityTharezaee two tymes o electrostatic
separatorsconductive induction and corona chargiMgith electrostatic separation it is
possible to sort nonconducting materials such as paper, plastic, and glass, from conducting
metallic materiad. 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 purfasastassakis

2018, p.659660.)

In electrostatic separation by conductive inductimaterial is fed via hopper into charger

roll. Conducting particles wiltepel the roll because aimilar chargen theroll causing

particles to move forward from the ftevhile dielectric particles drop down lilge gravity.

In corona chargingwaste flow is fed into grounded rotdiwrdugh a corona discharge to
charge particles by ion bombardmedbnductive particles will lose their charge caused by

the grounded rotor makg them tear away from the rotor while nonconducting particles lose
their charge sl ower maki ng t h(&nastassaki2®l8 ay |
p. 659660) The basic principles of electrostatic separation by conductive induction and

coronacharging are visible in the Figui®.
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Figure15. Electrostatic separation by)Ay conductive inductionand B corona charging
(Anastassaki2018, p.659-660).

2.6.9 Sensobasedseparation

Color, X-ray transmission, lasenducted breakdown spectroscopy (LIBS),-ray
fluorescence (XRF), near infrared (NIR), magnetic induction (MI) sensors, and combination
of these can be usédr sensotbased sorting methad separatevastebased on partiel s 6
optical, chemical, or physical properti€zarticlesmust beon a conveyor belh one layer
individualized from each othdo ensure identification. & reduction anditilization of
vibrating feedercouldincrease separation ratéentification is grformed by an emissien
detection principleRa di at i on i s e mi t rmowimag or aocongegar liedinad | e 0 s
redirecing to detector which detects attributes of the spectrum. Simultaneous|yalaaia

the spectrum is transmitted to computer whimbmpares the resulegyainstprogrammed
criteriaand sends information about the particle, such as its shape and position on a conveyor
belt, © air valves. Depending on the programming criteria, particleestdner stay on a
conveyor belt obe blown awg from the waste steam by aiAr{astassaki2018, p.642-

643)

Color sorting principtisbasedop ar t i c | e s 6 lrightness, tramspdrenay,rsieen c e
and shape.Typically particles betweersize range of 250 mm can be identified.
Transmitted light systens used to identify transparent particles while tatected light
systemidentifies nortransparent material€olor sorting is successfully used to separate
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different shades of glass, plastic bottles, and-feomus metal in indstrial scale.
(Anastassaki2018, p.643-644)

Near Infrared (NIR) separatiautilizes wavelength between -‘Z500 nm ands based on

how materials refledight. Organic naterials such as plastic, wood, paerd cardboard,

with particle size between 1260 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 possibkecaus¢heyabsorb all the light

Al s o, material 6s thickness, transparency
identification (Anastassaki2018, p. 644Zhao & Li 2022)

X-Ray fluorescence (XR separation is carried out by pointing-bay radiation with various
energies via Xay tube taatomsof the analyzedmaterial. The absorbed energy excites the
inner shell electrons and causes their emission to outer.shtisoffered photcenergy is
low, electron returns to initial electron shell, atige photon is emitted with a specific
wavelength. If the energy is high enouglectron leaves the atom and is replaced by electron
from the outer shell whilesimultaneouslemitting an xray photonwith a specificenergy
level. Material can be identified when the fluorescencméasured by a sens®RF unit

can identify for examplaonferrousmetals from ferrousnaterials andinorganic fractions
from organic fractions. t8l, its wider use is still limited due to high cogfAnastassakis
2018, p. 644645)

With X-Ray Transmission (XRT) separati@nalyzed material can be identified through its
volumeby an XRay sensitive camera and a computer softv@iteer identification methods
analyzeonl y mat e rbutdill éhs paiales Wwith different size but same density
will transmit Xrays at different intensities makingaterial identification and therefore
separation inaccurate. To overcome this probBogtEnergy X-Ray Transmission (DE
XRT), whichis a modification of XRF and XRTan beused in waste separation purposes.
Two X-Ray beams are pointed to analyzed material with both low amhdemgrgy levels.
Sensor with two channels registersrXys at different energy levels that are penetrated to
the material and conveitgformation into digital imagevith different shades of grey caused

by the intensity of the received-pay radiation atteuated by each particlén addition,
particleds shape, si zeluatadtioughrkategasctassificatiord t e X
This identification technique is used to sort metals, plastics, and inorganic matters in

recycling industry(Anastassaki2018, p.645)
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In LaserInduced Breakdown Spectroscopy (LIB8&igh energy pulsed laser is focused on

a small area of the analyzed matetiaser ablates small amount of the surface and generates
a plasma plume that expands and cools down rapitiyerial can be analyzed by collecting
the atomic emission lines. In sorting purpgsedmitation of this technique is that the
material must be free from coatings because the laser penetratesudale layer.
(Anastassaki®018, p.646) Still, separéion of aluminum alloy, wrought and cast allpys
plastics,and materials in automobile applications are carried out with LIBS technique
(Anastassaki?018, p.646 Zhao& Li 2022).

Magnetic Induction (MI) separatons based on part iseparaterdo Ml
purposesthe waste flow is moving on a conveyor belt under which there is a coil and sensors
that analyses materid@detected metals moving on a conveyor belt are separated by the signal
from sensors and witlhe help of compressed gats while the restf thematerial will drop

down bythe gravity. This method is suitabfer sortingferrous and notffierrous particles
thatare notrecoveedwith eddy currenbr magneticseparation, to separate metals by their

type, and to process elemtic waste(Anastassaki?018, p.647.)

2.6.10 Robots

Waste materials, like CDW, can be saliby robots.The function is based on sensory fusion,
data mining, machine learning and réale robotics.Sensory fusion combines multiple
sensor systems such as NIR &gible NIR spectra cameras, 3D laser scanners, haptics, and
transillumination. (Anastassaki2018, p. 647-648) For example, Remeo Group Oy in
Finland utilizs Zen Robot i cs &oboksevithvayificiaP intelllgence to sort
construction waste materials (Remeo Group Oy 202dex Corporation 2033Robots with
multiple robothandsare used at Remeo Group Oy in Viikkir sorting construction
materials after screenin§creening must be done for the construction waste to ensure that
the waste flow is in proper size and shape for robots, aseptaratether materials, such as

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

Materialsthat are handled byobots in Remeo Group Oy are mainly wood, metal and
aggregates with the weight of2D kilograms. The advantage of robots is that they can work
nonstop,and salary costs per shidre decreased. Alsmbotscan divide waste flow into

different material groups as programmedjuite reliably with high sorting efficiency
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(Kaenmaki 2018 Anastassakis2018, p.649. Still, mis-sorting is possible because
construction materials are sometimes hard to recognize from eaclikileamaki 2018)

2.7 Applications forCDW materials

According to waste hierarchy, CDW like other waste streams should be utilized primarily as
a mateial. The utilization as energy should be considered after no reasonable use as a
material exist. In common for the use of waste as a recycled material idhtbataste
material must be clean to ensure the qualigst way to influencen purity and clanliness

of waste material is to colledifferent waste fractiosiseparatelyalreadyat the construction

and demolition sit®

Depending on the construction project, the share of comnmette out of the totaimount

of CDW vary between 40%85% Crushed concretevasteis barely used as it is and usually

it is downgraded into aggregat&ecycled concrete aggregates can be usteimadbase

fillings, or asarecycled aggregate inew concretenanufacturing(GalvezMartos 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. I67addition, natural
aggregates cost as much as the recycled ones in certain European countries making the use

of regscled concrete aggregate as a material challer{@atyezMartos et al2018, p. 168)

Utilization of concrete waste in earth constructions in Finland requires either environmental
permit or registration procedure acasewhenmaterial fulfills MARA regulation's quality
requirements, such as the maximum particle size being below 90 mnutity concrete
waste can be utilized also in infra structapplicationsas a CHEnarked aggregate to replace
natural aggregates saving natural resourcesttaréfore,following the waste hierarchy.
(Lehtonen 2019. 66-67.)

Greenhouse gas emissioofstherecycled concrete aggregat® highly dependent dhe
transportation distanc¢S&alvezMartos et al2018, p. 18). In addition, there is always a

risk that the recycled materials are containing some hazardous materials. For gxample
hazardougolychlorinated biphend ubst ances were used in 196!
To prevent those hazardous materiadgling upinto secondary materials produced from

demolition wasteguides, tools and assessments methods given by European Commission
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abou assessment of release of dangerous substances should be folleabeeizartos et
al. 2018, p. 4.

Crushed bricksrbm constructions and demolition can be utilized according to MARA
regulation in nodoaded earth structures like embankments. Alsicklwaste can be used

as a base materiadrfgreen roofs. (Lehtonen 2019, p..68lean 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 erinforming 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 hazardaste,and it can be utilized as energy in
co-incineration plats. Unteated 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 mightdrsginaldue to the

availability of virgin wood.(Lehtonen 2019, p. 64, 70

Metals fomCDW 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 evenipatthland Plastic
from CDW ends up typically to energy productifbehtonen 2019, 71,74.)

Clean mireral wool wastgetypically as a leftover material from new constructiczes) be
used as a raw material in new mineral wool productimulation materials from demolition
made of expanded polystyrene, extruded polystyrene, polyurethane, and mineratevool

typically utilized as energy or landfille{l.ehtonen 2019, p. ¥%6.)

Both plasterboard and glass would be importamolted separatelyalready at demolition

and construction sites to ensure their use as a secondary material because theyode hard t
separated at waste treatment facilyean 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 iatfvdation that is utilized in
landfill constructionsGlass waste can be used as a raw matenalew glass production

and in foam glass production if it is separated from other waste fractions in construction site.
(Lehtonen 2019, ©9,72.)

Roofing felt containing bituminous from CDWould be importanto 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 reptfioebituminous. It is



also landfilled and utilized as energy especially when it is attached to other materials.
(Lehtonen 2019, p. 72

In generalthe price of a secondary matersiould be competitive enouglyainstvirgin
materials without forgetting technical features needed for the applicatism,. 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 originbgnusing it asear as
possible.Finally, it must be ensured that the secogdaraterial 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 thesiascollected from Ekokaari Oy. Fine fraction

was prepared through size reduction, combustion, and screening into various particle size
classes. Concrete test specimens out of fine fraeteme manufactured t@btain strength
properties. Fine fr awasdefimaddisEDSE dnelysiend matetial c o mp
compositionwas determinedthrough mechanical separatioici ne f r ac wasons 0
defined ino various length classes with&W Fiber Tester. Theoretical densitywas
determined fromite est specimens. Moisture content and dry dengityedefined from the

fine fraction as well.

3.1 Waste treatment at Ekokaari Oy

Ekokaari Oy offersvaste treatment services at Keltakangas, Kouvola, Finland. Theeservi
offered by Ekokaari Oy at@eprocessing of mixed construction waste, processing of energy
waste, storage services, sorting field services, treatment of oily soils amateilmixtures,
andthetreatment of liquid waste. (Ekokaari Oy 2@23Waste teatment in Ekokaari Oy is
currently focushg on to prepare waste for energy and material purposes instead of

landfilling. This will significantly decrease the need for landfilling. (Ekokaari Oy 2023

The waste treatment process of Ekokaari Oy contashelgéer for sorting, crushing machine,
sorting line, and storages for waste. The shelter for sorting is 3200sime. It protects the
waste from rain, allows waste treatment actimmoughout theyear despitef the weather,
improves the quality of was fractions, and reduces harm caused for the environment by
preventing waste, dysind noise to be spread. (Ekokaari Oy 20PShelter can be seen in
the Figurele.

When waste arrives tBkokaariarea it is weighted and ingected by an employee. After
that the waste will be unloaded to sorting fiekike waste will be collected and stored
separately and treateeltimes a year depending on the need. At sorting, frelthble waste
fractions will be presorted mechanically by an employee into eightfedént sections.

(EkokaariOy 20231.) Practice of mechanical pigorting can be seen in the Figl@



Pre-sorted sections are:
1 Energy fraction: plastic (not PVC), cardboard, paper, wood
1 Recycled wood: wood, planks, battens, wooden boahgshoards, plywood, pallets
1 Metals: Metals, metatontaining materials
1 Gypsum containing waste: Gyproc sheets, gypsantaining materials

1 Sorting residue to landfillKL5): insulating wool, glass fibers, PVC plastic (pipes,

hoses, floor coverings, electicables)
1 Polyethylene RE plastic pipes
1 PE containers

1 Sorting line fraction: Mixed wasteot belongingto any of the above sections.
(Ekokaari Oy 2028.)

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 thamppi€k5 will

be moved to landfillSorting line fraction will be transferred into sortitige for further
separation. (Ekokaari Oy 20@3

,:ﬁ{"

Figurel6. Mechanicalpre-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

Atsortinglinewaste will be processed into differe
(Ekokaari Oy 2028). Waste treatment equipment to process and sort waste streams at
Ekokaari Oy are:

1 Crusher

1 Drum screen

1 Flip-flop screen

1 Wind scree

1 Ballistic separator

1 Eddy awrrent separator
1 Optical separator

1 Magnets

First stage of the sorting line process after mechanicasqnteng isthe crushing.Crushed

waste will be transferred via magnet into drum screen. Ferromagnetic fractions from magnet
will be transferred into stage. At drum screen the waste is separated wofitactions

which areoversizeandfine fraction. Particles with sizess than 60 mm are referred to drum
screends fine fr acikeioven6sO, nam darpeardadlcll eeds ans
oversize Fine fraction from drum screen is transferred to fiipeflop screen via magnet.
Ferrous metals will be storedklip-flop screen will separate the waste stream into two
fractions based on particle size. Hipo p s oversizzaredparticles witlsize between

1560 mm, and the fine fractions are particles with gaeticle size below 15 mm. Fine
fraction from tle flip-flop screen is stored and currently utilized in the landfill structures.
(Ekokaari Oy 2028)

Material to be stdi ed i n t hi s theflip-§l toepr 6ssc rteheensdifesn fiisn e
Ekokaari Oy.Flip-flop screed § i ne fractionds output at wa
Oy, and he appearance tiefine fractionin outdoor conditiongrom flip-flop screen can

be seen in the FigurE/. The waste stream flow chart from mechanicalqoding toflip-

flop screen at Ekokaari Oy waste treatment sorting line can be seen in thelBigure
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Figurel?. A) Theoutput offlip-flop screed fine fractionat waste treatment line at Ekokaari
Oy. B) The appearance @lip-fl o p s c r e e nndrsoutdoor conditibnat&lokaario

Oy.
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Flip-fl op screends over swindscreenvehichwill sepasatedhe stomed t o
alike materials from the waste stream. Theavyfraction from Nihotwind screercan be
utilized in the landfill and road structures. Tight fractionfrom Nihotwind screercan be

utilized as energy after pqy@ocessing. (Ekokaari Oy 2023

Dr um s oversizawmilltos transferred to ballistic separator which will divide the waste
stream into three different fractions which are-f2&ction, 3Dfarction, and fraction with
the particle sizes betweer80d mm. 2Dfraction is collected and it can be used as recycled
fuel. Fraction with the particle sizes betwee8@®mm is also collecteahd it can beitilized
asfuel in power plants3D-fraction will stay on the sorting line and go through the belt

magnet to collecterromagnetic naterialsfrom the waste strear(Ekokaari Oy 2028.)

After ferromagnetic metals are removed, the-BB&ction goes to wind screen which will
divide the waste stream into two fractions whichlaylet fractionandheavyfraction. Light
fraction is collected and can be utilized esergy sourcefter further processindgdeavy
fraction from wind screen will stay on the sorting line and/godrum magnet to the eddy
current separator to separate the-fesnous metals fronwaste stream. Metals collectby
adrum magnet are stored. Ndgrrous méals 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 2023

2D-fraction from ballistic separationand thelight reactionfrom wind screencan be
processed with optical separator. There are few options depending on the need. The fractions
can be stored together, or processed together in optical separa2d-fraiction can be
transferred tdhe optical separator and tei n d s lght &aetiorondl 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 epasdl be
forwarded to solid recovered fuel productidikokaari Oy 2028) The waste flow at

Ekokaari Oy waste treatment line can be found as a flow chart in the EQure
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3.2 Laboratory tests

Fine fraction sample from Ekokaari Qyasprepared for laboratory test¥ough crushing

with hammer mill, via combustion and by distributing material according to partags.si

Fi ne f r a cytandpropérSesvereamalyzed via compressive strength tests, particle
size, composition, particle shape, and moisture content analysis. Also, the dry and theoretical

densitiesveredefined.Testing procedures are presentechimfollowing chapters.

3.2.1 Samplecollection

Fine fraction sample thatasanal yzed i n t Wwascolleated somdkokaari t h e
Oyon 17.11.202%nd is fromflip-flop screenFine fractionwasstored at Ekokaari Oy

outdoor conditionsvithout cover(Figure20A). The collected sample size wasound100

kg, and itwas transferred in a large baddT Universityd s f aci | i ti es i n La
it wasstored inranunheatedbut coveredstorage (Figur20B). Thetenperatureof the storage
wasvarying by the outdoor conditiomseaningalsotemperaturebelow 0 C during testing

period.

» =
i

(B
N

Figure20. Fine fractionatA) Ekokaari OyandB)L UT Uni ver sityés stor
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3.2.2 Sample preparation

Test sample o6 kg of fine fractionwas collectednto a bucketfromL UT Uni ver si
storage 018.2.2023 The bucket was weighted both empty anflll to revealexact amount

of fine fraction.The sample vastreated with hammer mill to bringiitto finer form. Particle

size of the samplevas 15 mm or below before size reduction with hammer mill. Some
narrow but longer than 1Bm particles exigd in the sample because thesere pased
throughthe reenin thewaste treatment facilitgf Ekokaari Oy The hammer mill thawas

used in this studwas Retsch SK300 Cross Beater Milgure21).

The sreensize that was used the hammer mill was 4 mm (Figur1C). The speed was

set ta3000 rpmMaterial was fed via hopper with a scoop (FigedB) 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 dftersize reduction by weighting the

container being empty and full

Part No.  20.751.0002
Serial No. 1218111232

AT

~ Power 200.

Figure 21. ARetsch SK300 Cross Beater Mill. A) The device, B) information plate, C) 4
mm screen, and D) material feeding with a scoop.
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Test sample 09,9 kg of fine fraction was burned withquified petroleumgasto remove
organic matrialsfrom thesample Materialwas spread on th@atein a very thin layerGas
burnerwas held in 10 minutes the same spotvithin 10 cm distance from the fineaction
(Figure22). Gas burner was moved every 10 minutes until all the material was burned from
the surfacef a plate Material was burned in six batches to ensurerginic matrial was

burned properly. Remained material was weiglatiéer the burning.

Figure22. Burninguntreatedine fractionwith liquified petroleumgaswith gas burner.

3.2.3 Patrticle size analysis

Particle size analysis was masdeparatelyfor the untreatedine fraction with particle size
below15mm, forthecrushed fine fraction with particle sibelow 4 mm, and fatheburned
fine fraction with the particle size below bdm. The amount ofintreatedine fractionfor
the particle size analysis waskg, the amount ofrushed findraction was around 3,6,
and the amount of burned fine fraction vieadkg. The analysis was made by using¥ER
EML 450 Digital Plus Test Sieve Shaker HAVER & BOECKER OHG (Figure23).

The <reensof Test Sieve Shakewere attached on top of each othertle order of
magnitudeso that the largesicreersize was at the top and the finestegnsize was at the
bottom (Figure23C). A specific bowl was placed under the smallesteento collect

particles that passlthrough the smallesteeen
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The <reen sizes used in this analysis were:
17 5,0mm,
1 2,5mm,
T 1,25 mm,
7 0,8 mm (8001m),
! 0,5 mm (5001m), and
7 0,2 mm (2001m).

Material was fed into thiargestscreenwith the scoop once theceeers wereattached on
top of each other ithe order of magnitud@-igure23D). After filling, the screerstack was
attached onto the device, and the lid was placed on tihye sicreensThe lid was tightened
in place with two fasteners (Figu2&A). Materials were screenedatches of two or three

and thesections were determined visually.

Amplitude wasset to be 1,%5nm, and the interval was set to be 5 with each screening. The
analysis was started by screening in“4winutelong sections two times and between those
screenings the weight of one screen was determined with a scale to ensure that the proces
functions properly. Withuntreated and burned fine fractjdhe screen size of Of@m was

scaled, and witlerushed fine fractiorthe screen size of 1,26m was scaled. After those 2
minutelong screenings the material was screened one more time foirtates with same
setting. In total, eachnaterial sample asscreen for 14 minutes. The settings used in this

analysis can be seen in the Figde

After the screeningeach sreenwas weighted with fine fraction inside them. The accuracy
of the scale used in this study was one deciRrattions were emptied frothescreensnto
separate plastic bags which were also scaled emptynand to avoid weighting errors.
Emptied sreenswere cleaned carefully with brushes and weighted after@hedning was
made after each screening, but the weightinty@émpty screens waneonly twice. The
amount of each material fraction was determined by subtratingeight of empty scree

from the weight of ereenwith screened material inside them.
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Figure23. HAVER EML 450 Digital Plus Test Sieve Shaker BAVER & BOECKER
OHG. A) the equipment, B) the information plate, C) utilizedegnsizes, and D) filling the
screenstack.

Figure24. Settingdor 10 minutes long screening with HAVER EML 450 Digital Plus Test
Sieve Shaker by HAVER & BOECKER OHG.
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3.2.4 Compressive strength analysis

Test specimens with a shape abewith dimensions of.50x150x150mm and 40x40x40

mm were manufactured from fine fraction collected from Ekokaari Oy tcclarify
compressive strengtlproperties of the material. Larger cubes (d=150 mm) were
manufactured according 8FSEN 123901:2021L - Testing hardened concrete. Part
Shape, dimensions and other requirements fagy@ns and mouldsind according t8FS

EN 123902:2019- Testing hardened concrete. Part 2: Making and curing specimens for
strength testsMaterial to be used ifarger cubes was bothintreatedfine fraction with
particle size below 15 mm and fine fraction crushed with hammerimialiparticle size
below 4 mm Three cubes were manufacturfiedm both materialswith dimensions of 150

mm in each side of the cubéigure25A). Volume of one cubeas3,375 litersMould used

to manufacturdarger cubes is presented in the FigREs.

Figure 25. A) Dimensions of the test specimens, where d = 150 mm (mo@HREN
123901:2021 p. 6), and B) Mould fobiggertest specimen&=150 mm).

Smaller tesspecimens with a shape of cube (40x40r#0) were manufactured fromnme
untreated fine fraction with particle size below 15 mm, from untreated fine fraction with
particle size of 0,%,8 mm, from crushed fine fraction with particle size of@,8% mm and
from burned fine fraction with particle size below 0,2 mm, betwee®® & 2nm, 0,50,8 mm,

0,8-1,25 mm, 1,282.,5 mm above 5 mmand between-@5 mm.Volume of one cubwas
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0,64 deciliters, andheparticle size distributicswereachievedyy screeningwith aHAVER

EML 450 Digital Plus Test Sieve Shaker by HAVER & BOECKER OHree cubes were
manufactured from each materisloulds used to manufacture smaller cubes is presented in
the Figure26.

. \1

Wﬂt I A

mme

Figure26. Moulds for smaller tesspecimens (d=40 mm).

Fine fraction materiak werestored in outdooconditionsbefore manufacturing the cubes
In eachcases the fine fraction was mixed with cement and water K20 recipe was
followed with somemodifications(Table5). Theaverageatio to producehe material for
test specimens out of fine fraction was to mix one part of cement with five parts of fine

fraction andl,3-3 parts of water.

Table5. Recipe to manufacture test specimens out of fine frattmmdified Finnsementti

Oy 2023). *The amount of water was increased compared to the K20 recipe to get suitable

composition.
. K20 recipe modified for
NAD R (40 fine fraction parf
Cement 1 1

Fine aggregate {8 mm) 5

Coarseaggregate (>8 mm) 3
Water 0,65 1,3-3*
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Materials were prepared the same vi@yboth smaller andargercubes.At first, cement
was mixed with fine fraction(Figure27A). After that water was added in small portions
while simultaneouslgtirring materialwith mixing accessoryigure27B). Material was fed
with the help of a trowelinto moulds treated witla thin layer of nomeactive release
Material was comactedduring the filling by a piece of woo{Figure27C). Once moulds
were filled, they wer®ne more timeompactedwith a piece of woodby handbut not with
the devicesnentioned in the SFEN 123902 standardFinally, the surface othe cubes
waslevelled(Figure27D). After thefilling, cubes were stored in 20 degré&zssius for 28
hoursto curebefore they were removed from the uids. Cubesremoved from the moulds

were sink in a container full o0 degrees of Celsiuwater for 28 days before their

mechanical propads were teste(Figure28).

Figure 27. Manufacturing test specimens (d=150 mm) out of fine fraction. A) Cement mixed
with fine fraction. B) Adding water to cemefihe fraction mixture. C) Filling and

compressing moulds. DJoulds with smoothened surface.
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Figure28. Test specimen@=150 mm)madeout of crushed fine fractiostored as sunk in

water with 20 degrees of Celsius for 28 days

After cubes were stored in water for 28 day® compressiorstrengthtestwascarried out
according toSFSEN 123903:2019 Testing hardened concretPart 3: Compressive
strength of test specimestandardThe compressive strengtiest was performed aftewo
hoursfrom taking the cubesutfrom water. Folarge cubes (d=150mm), th@ompression
testing machine from ELRasused(Figure 29A), andthe speed was set to 8 kN/s
Smaller cubes (d=40 mm) were tested by ustmgck Z020 (Zwick Roell group, Ulm,
Germany) testing apparat(@Sigure 29C), with 2,4 kN/sspeed.Test specimens inside the
compression test machine are visible in Fig@@& and29D.
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Figure 29. A) ELE (Product No. 1887B0001) compression machB)e.Test specimen
(d=150 mm) inside the ELE compression machi@gZwick 2020 (Zwick Roell group,
Ulm, Germany)testing apparatus. Djjest specimen (d=40 mm) inside thevick Z020

testing apparatus.

3.2.5 Composition analysis

Composition was analyzed frofime fraction with particlesize above $nm achieved from
particle size analysis bycieening Material was stored in outdoor storageefore the
compositionanalysis Two analyses were made with 1§Gsample sizén both analyses.
Samples were collected randonidy mixing thematerialbefore sample collection to ensure
reliable distribution of different fraction§cale with two decimal accuracyasused to

preparesamples and to capture results.



71

To analyze the compositiod00 g sample was spread on the emiatigle (Figure30A).
Ferrous netals were removed from the sample by a magnet beifaral separatiorBample
was divided into @ sectionsafter magnetic separatiday visual inspection by har(éigure
30B and30C). Fine maerial groupwith small particle sizevas formed from the leftover
material that remagdon the table aftdsigger particles were divided into own groups. Each
material group \as weighted separately aftenanualseparation to obtain results of the
compositon. The total number of material groups wasricluding fine material and ferrous

metals Thematerialgroupswere:

1. Aggregate
1.1 Concrete
1.2 Ceramic
1.3 Brick
1.4 Stone
Asphalt
Gypsum
Wood
Ferrous metal

Glass

N o o b~ w D

Plastics, rubber, and Styrofoam
7.1Plastic 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
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Figure30. Finefraction sample (Ndl) A) spread on the tahlandB-C) divided into material

groups(51 Ferrous metals missing from the figure)

3.2.6 Elemental analysis

Elemental compositiomf untreated(<15 mm)and crushed<4 mm) fine fraction was

analysed with Energy DispersiveRay Spectroscopy (ED$)hermo Scientific, Waltham,
MA, USA). Three samples were prepared from both materetsl each sample was
analysed twiceTherefore, six results were obtained from both materfdle size of each

samplewas10x10x10 mmSamples durfacs weresmoottedto obtain proper results.



Leaching test was performed for untreated fine fraction (<15 mm) from Ekokaari Oy
according toACEN/TR 16192:2020Naste. Guidance on analysis of eluéat€ghe ratio
between solution and solid material was 10 (L/S E6J.this study, one result from year of
2019 two resuls from 202Q andthreeresults fron2021 was used to calculate the variation

of elemental contenf’he elements to be analysed andrtheimum content oklemento

be doservedvereantimony (0,05 mg/kg, arsenic(0,2 mg/kg, barium @ 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(0,1mg/kg), selenium (0,03 mg/kg, zinc

(0,8 mg/kg, fluorine(2 mg/kg, chlorine (160 mg/kg andsulfate (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 eithader the limit or the element does not present in the sample.

3.2.7 Patrticle shape analysis

Particle shape of untreated, crushed and burned fine fragtioparticle sizes of <0,2 mm,
0,20,5 mm, 0,%0,8 mm, 0,81,25 mm and 1,22,5 mm achievedhroughscreering was
analyzed with L&W Fiber TestérCode 912levice. The results were obtained via computer
with a specific softwarelThe deviceis designed to analydength, width,amount offines,
shape factor and coarsene$sellulose fibersvith length up to 5 mm. Objects with length
over 0,2 mm and length to width ratio ovewére defined as fibers. Objects with length

below 0,2 mmweredefined as fines.

0,1 grans of fine fraction was mixed with 16R00 milliliters of waterin a beakerScale

with 4 decimahbccuracy was useAnalyzingtime was set tbe200 secondsand the sample
typewassettob@s ampl ed in a specific soft Whareee cor
samples were tested with each mateypk and particle sizeReports of the results eve

exported from the software after all samples were analyzed. Results considered in this study

are number of fibers, mean length, mean width, and mean shébers.

3.2.8 Moisturecontent analysis

The moisture contenvasanalyzed on 18.11.2021 and 8.2.2023 fronthe untreatedine

fraction samples t or ed at LUT Uni v er sThe apalysis wad ntadea g e
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according to SFEN 10975:1990 Tests for mechanical and physical properties of

aggregatesR?art 5: Detrmination of the water content by drying in a ventilated oven

In both analysis four samples were prepared with 19@f fine fraction in eachSamples
were collectedrom thetop of thebag from the middle layer of thbag from the bottom of
the bag and finally the sample was mixed and one more sample was coltectddain

reliable moisture content resul&he total number afamples were 4x100g in both analyses.

Moisture contentvas analyzedby weighting the samples before inserting them into the
ventilated drying oven for 24 hours with 1@3 After being 24 hours in ovesamples were

weighted.

The moisture content (w) was calculated with the following equation:

M1-M3 v
M3

100 (1)

where M is the mass of the sample before dryingdiams), andMsis 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 fractiors were obtained by using one litre scoop. The scoop was
filled with fine fraction and the material was weighadyrams with integer precisioDry
density was determinddr untreatedine fraction with particle sizes of 68 mm and 0

15 mm, br crushedfine fraction with particle sizes of 668 mm and & mm, and dr
burned fine fractionwvith particle sizes of <0,2 mm, 625 mm, 0,50,8 mm, 0,81,25 mm,
1,252,5 mm, 2,55 mm, 515 mm and @5 mm.

Theoretical eénsity [kg/m?] of eachtest specimens Wi a shape of cube was determined
before compressive tesy measuring the sides each cube withthrust gaugeand by
weighting the cubewith a scaleVolume [n¥] of each cube was calculated by multiplying
cubeds | engt h byeach dthefifhe densitd wah @lcudpted by dividing the
c ube 6 s byvwsevolugnk t



4 Results

Laboratory tests were performed with untreated and processed fine fractions. Compressive
strength tests were performed for concrete test speciofi@rigch theoretical densés were
definedas wellLF i n e f rradensiy, partel® sized and shape, elemental and material
composition, and moisture contergre als@nalyzedResults are presented in the following

chapters.

4.1.1 Particle size distribution

4,0 kg of untreatedfine fraction with particle sizes below 15 m@6 kg of crushed fine
fraction withparticle size below 4 mpand5,4 kg of burned fine fractiomverescreened into
seven fractions wittHAVER EML 450 Digital Plus Test Sieve Shaker BMWVER &
BOECKER OHG As a result, the greatesttareof untreatediine fractionwas particles with
size above 5 mnthe greatesthareof crushed fine fraction wagsarticles between 0,50,8
mm, and the grdast $iareof burned fine fraction was particles belsie of 0,2 mmWith
untreatedand crushed fine fractigthe smallest section was particles below particle size of
0,2 mm.With burned fine fraction the smallestasewas withparticlesbetween 0,8.,25
mm. Thesize distributiorresultsin grams and percentagesfine fractionarepresentedn
the Tablet and Figure81. Visual appearance phirticle size distributiosis presenteth the
Figure32
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Table6. Particle sizedistributionof untreatedfine fraction (<15 mm)crushed fine fraction

(<4 mm) and burned fine fractioachievedy screening.

Size distribution Untrea(1t<elc;irr1re]> r:‘]r)action CrUSh(ii fri::ren ;‘ract'n Burn(ejlgnri rm::?ction
(9] (6] [9] [%0] [9] [%0]
<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
0,50,8 mm 588,1 14,88 1557,85 4474 460 8,46
0,81,25 mm 320,2 8,10 519,4 14,92 317 5,83
1,252,5 mm 767,1 19,41 861,3 24,74 500 9,20
2,55 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

Particle size distribution

50.00%
45.00%
40.00%
35.00%
30.00%
25.00%
20.00%

15.00%

10.00%
5.00% I I I
0.00% —_ -

<0,2 mm 0,2-0.5mm 0,5-0,8 mm 0,8-1,25mm 1,25-25mm 2,5-5 mm >5 mm

H Untreated fine fraction (< 15 mm)m Crushed fine fraction (<4 mm)s Burned fine fraction (< 15 mm)

Figure 31. Particlesize distributionin percentage$or untreatedfine fraction (<15 mm)
crushed fine fraction (<4 mmandfor theburned fine fractiorf<15 mm)generated during

screening.
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Untreated fine fraction (< 15 mm)

Figure 32. Visual appearance ofgsticle size distribution for dreatedfine fraction (<15
mm), crushel fine fraction (<4 mm)and burned fine fractiof1l5 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 8FSEN 123901 andSFSEN 123902 out of untreatedfine
fraction with particle size below 15 mm and from crushed fine fraction with the paitiele
below 4 nm. Smaller test specimens with a shape of cube (d=40 mm) were manufactured
from untreated fine fraction with particle size below 15 mm, fovashedine fraction with
particle sizébdow 4 mm, fromuntreatecandcrushed fine fraction withgticle sizebetween
0,5-0,8 mm and from burned fine fraction with particle size below 0,2 mm, betwee®,D,2

mm, 0,50,8 mm, 0,81,25 mm, 1,285 mm above 5nm, and below 15 mnCompressive
strength test was carried out according to stan&&8EN 12390-3. Average values of
compressive strength results are presented in the Talidach. individual compressive
strength result is presented in tAppendix 2 More detailed information abotite names

of the test specimens is presented in the Appehdix

Table7. Average values of aximum load at failure [N] and compressive strength [MPa]
made with cubeshaped test specimens (d=40 rama d=150nm) out ofuntreated, crushed
and burned fine fractiorResults fromB0,8-1,25 d40 1 and B2;5,0 _d40_Zare ighored
from the average values due to remarkable difference to other results.

el O.f thefest Compressive strength [MPg Maximum load at failure [N]
specimen

B>0,2_d40_avg 6,54 10560
B0,2-0,5_d40_avg 1,33 2231
U0,50,8_d40avg 2,51 3960
C0,50,8_d40avg 2,27 3642
B0,50,8_d40_avg 2,23 3703
B0,8-1,25_d40_avg 0,89 1436
B1,252,5_d40_avg 1,15 1872
B2,55,0 _d40_avg 281 3587
C<4_d150avg 2,77 62200
B>5,0_d40_avg 2,39 3904
U<15 d40avg 2,09 3344
U<15_d150avg 2,02 45,5

B<15_d40_avg 2,90 4747
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When comparing results madet of same material, untreated fine fraction with particle size
below 15 mm, but with different test specimen sizes, 40 mm and 150 mmywéreisome
differences in the resultSlightly higher compressive strength val@09 MPa) was gained
with smaller tesspecimen size (d=40 mnepmpared testrength value (2,02 MPa) gained
with largertest specimen (d=150 mmAlthough the highest (2,22 MPa) almvest(1,86
MPa) individual compression test valuesre measured fromarger cubes. Still, the
differencewasnot significant and therefore, as seen from the FgB8e35, the compressive
strength valuegainedwith large (d=150 mm) and smaller (d=40 mm) cubes are comparable
with each other.

Compressive strength of test specimens (d=150 mm & d=40
mm) made of untreated fine fraction (<15 mm)

[MPa]
2.30
2.20
Awerage, untreated
2.10 2,09 MPa fine fraction (d=40 mm)
Average, untreated
2,02 MPa fine fraction (d=150 mm)
2.00
1.90
1.80
1.70
1.60
U<15_d150_1 U<15 d150 2 U<15 d150 3 U<15 d40 1 U<15 d40 2 U<15 d40 3
Untreated Untreated
®  fine fraction (d=150 mm) ¥ fine fraction (d=40 mm)

Figure33.Individual compressive strength [MPa] test results from test specimens (d=40 mm
& d=150 mm) madeut of untreated fine fraction with particle size below 15 mm.

As seen from the Figuse4 and 35, thegreatest compressive strength vakesachieved
with cubes madeutof burned fine fraction (6,54 MPa) screened into particle size below 0,2

mm, whichwas over two times greater value compared to the second highkest (2,9
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MPa) achieved with burned fine fraction with particle size below 15 mm. On teehahd,

three lowest compressive strength valveseachieved with burned fine fracti¢f,891,33

MPa). All results, excluding those three lowest values and the highest value, are within the
same digit (2,02,9 MPa) as presented in the Figu34.

Compressive strength of test specimens
[MPa]
8.00

7.00 1
6.00
5.00

4.00

3.00 I 1

2.00 I

1.00 I 1 -
654 290 281 2.39 223 133 115 089

0.00

Q Q Q Qs Q7 Q Q Qs Q Q Q Q Q
/V . /V /b‘ S\io . E)b‘ o /b‘ . Sy . 9& . /b< ,\?) 9b< . /V . /b‘
i3 ot o >0 ! o o AN AN\ AN
Y % qf? Q<° Q<? Qv N NS O A7 N
) N G Q Y
m Untreated fine fraction m Crushed fine fraction Burned fine fraction

Figure 34. Averagevaluesincluding error barsof compressive strength [MPa] of test
specimens with shapef cubes with sizes of 40 mm and 150 mm madeof untreated,

crushed and burned fine fraction arranged from highest to I@tvesigthvalue.
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Compressive strength of test specimens
[MPa]

8.00
7.00
6.00 [
5.00

4.00

3.00 I I
2.00
1.00 I - I

6.54 1.33 2.23 0.89 1.15 2.81 2.39 2.90
0.00

Q/,b fob Q? Q7 fob Q? Ql/b 0? Qs 0? Q;b Q/,b Q/Ib
/v /b‘ . 9& . 9& . sy‘ . /v . 9& /& b\(’o . 9& . /& \fo . /v
3 Y Q O O Vv R o > &' P N a4 %
Q O Qo) N Qv ‘b'» w N ¢ Ng ®
o) N O 9 Q)Q‘ %\» R
m Untreated fine fraction m Crushed fine fraction Burned fine fraction

Figure 35. Averagevaluesincluding error barsof compressive strength [MPajff test
specimens with a shape of cubes with sizes of 40 mm and 150 mnootadeintreated,
crushed and burned fine fraction arranged according to particle size distribution from

smallest to largest.

Compressive strength of test specimens (d=40 mnaerat of burned fine fraction are
presented in the Figur@6 arranged to their particle size from smallest to largest. The
significantly highest valuavasachieved with particle size below 0,2 mm (6,54 MPa), and

the lowest valusvasachieved with particlsize between 0;&,25 mm (0,89 MPa).
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(MPal Compressive strength [MPa] of burned fine fraction

8.00

7.00
6.00
5.00

4.00

3.00 I I
{ 1
I I

1.00 I

6.54 1.33 2.23 0.89 1.15 2.81 2.39 2.90
0.00
<0,2mm 0,2-05mm 0,5-0,8 mm 0,8-1,25 mm 1,25-2,5mm 2,5-5 mm 5-15 mm 0-15 mm

Figure 36. Averagevaluesincluding error barsof compressive strength [MPa] of test
specimens with shape of cub@=40 mm)madeout of burned fine fraction arranged

according to particle size distribution from sreatito largest.

Pictures of thdargertest specimesn (d=150 mm)before and after compressive test are
presentedn the Figure37. As seen from the Figur87C and D,specimens remained
unbroken. However, some crackerepresentPicture ofsmallertest specimens (d mm)
before compressive test are visible in the FigulB8\ and 39. Pictures of smaller test
specimens after compressive test are visible in the Fi§8B:10B and C.and41. As seen

from thosefigures,all smaller test specimens were crushed during the compressive test.
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Figure37. Testspecimens (d=150 mm) before compression test roatlef 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 ma#ad C) untreated fine fraction

with particle size below 15 mm (picture taken 1,5 years after the test), and D) crushed fine

fraction withparticle size below 4 mm (picture taken straight after the test).

C05-08.d40l ., |U05-0,8.d40 U<15_d4o|

Figure38. A) Test specimens (d=40 mmjadeout of untreated and crushed fine fraction
beforecompressivetrength test. Cubes on the left are mauat®f crushed fine fraction with
particle sizévetweerD,5-0,8 mm. Cubes in the middle are madgof untreated fine fraction
with particle sizebetween0,50,8 mm. Cubes in the right are maulgt of untreated fine

fraction with particle size below 15 mm) Test specimens (d=40 mm) after compressive

strength test.
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Figure39. Testspecimens (d=40 mnmadeout of burned fine fraction before compression

test.

Figure 40. Testspecimen (d=40 mm) madrit of burned fine fraction with particle size
below 15 mm (B<15_d40_ 1) before compression test, Bjterthe testbefore removing
material from the device, and C) after the test after material removed from the device.
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B<15_d40_1 B>5_d40_1 B2,55 d40_1 B1,252,5 d40_1

i4
B<0,2_d40_1

Figure4l. Test specimens (d=40 mm) maokat of burned fine fraction after compression

test.

4.1.3 Material @mposition

1004 of untreatedine fractionwith 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 imividual separations and tlseimmary The material content of fine
fraction is also presented in the Figdiz wherematerialfractionswith content less than

2% are categorized as othefse appearance of fractiefrom separation No. 1 are visible

in the Figure43.
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Table 8. Material content of fine fraction with particle size above 5 Yatues written in

gray color have been taken into account
# | Maralcions| | SPEIN L | Sepemionte2 | e
(] [%] [a] [%0] la] [%0]
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 zt';rs;]lgznz ubber & 45 o6 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 0,92 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 55 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

r
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A Material content of untreated fine fraction (>5 mm)
Oth
Unidentified 700" g
2% \ |° /
Fine materi
3% —
Aggregate
Glas _—
16%5\ 34%
Plastics, rubber & —
styrofoam
18% \Wood
21%

B Share of plastics in fine C  Share of aggregates in fine

fraction (18 %) fraction (34 %)
Styrofoam Bric Stone
Rubber 6% 1%k\ 2%

15%\ \
~
Plastic 1 Ceramics\
|
(hard) 54%
58%

Concrete
43%

Plastic 2_-
(soft)
21%

Figure42. A) Material content ofintreatedine fraction with particle size above 5 nbased
on Separation No. 1 &.2B) 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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1.1 Concrete 1.2 Ceramics 1.4 Stone 3. Gypsum

5. Ferrous metal

Y

9. Fine material 10. Unidentified

Figure43. Visual appearancef materialfractiors from separation No..1

While cathegorizing woaqdplastics and textileinto organic materials and aggregate,
gypsum, ferrous metals, glass, wool (including mainiporganic glasswool and

mineralwoo), fine material (including mainlynorganicaggregates and gypsungsphalt
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(containing 95% inorganic aggregates and 5% organic bitumen; Vaylavirasto &02)
electric wiresinto inorganicmaterials,the share of organic materials fine fraction with
particle size above Bhm was 39,11% and the share of inorganic materialas 58,21%.
Results are presented in the Figdee The unidentified materialan be some kind of
insulation material, such as urethane, and therefore beutdassified as organmaterial.

If so, the share of organic materialewid be 41,79% and the share of inorgamaterial

would remainas58,21%.

Share of inorganic and organic materials in fine

fraction (>5 mm)
Unidentified 3%—

Organi¢39%

Inorganic 58%

Figure44. The sharef inorganic and organimaterialsin 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 remairnd as inorganianaterial,and 4,5 kgorganic materialvasburnel. Therefore,

the share of organic materials in untreated fine fraction with particle size below ¥¥asim
45,43% and the share aforganic contentvastherefore54,5%%. Resuls arepresented in

Figure45.
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Share of inorganic and organic materials in fine
fraction (<15 mm)

Organic
45%

Inorganic
55%

Figure45. Theshare of inorganic and organicnepound in untreated fine fraction with

particle size below 15 mm based on combustion.

4.1.4 Elemental composition

The observed elementsEDS analysis fromintreatedine fractionwith particle size below

15 mmwere carbon (C),oxygen (O),sodium (Na),magnesium (Mg)auminium (Al),

silicon (Si), sulfur (S), potassium (K).calsium (Ca), andron (Fe).All the same elements

were found from crushed fine fraction with particle size below 4 mmaasfoundrom the

untreated fine fraction, but also small artfooftitanium (Ti) was observe@®therwice, the

results of elemental composition between untreated and crushed fine fraeterguite

similar. The three largest elements with both materials vwrygen (O),calcium (Ca), and

carbon (C) measured in wdig pecentages.Calculated averages of the elemental
compositionds r esul t9sEachindvidpaERSsresuttofaiceatedn t h
and crushed fine fraction are presented in the Appehdix
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Table 9. The elemental composition of untreatadd crushed fine fraction by weight

percentages (wt %).

Element

Untreatedine fraction

Crushedine fraction

avg. (wt %) 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 télstS 10) performed according to CEN/TR
16192:2020 werantimony (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(CI) andsulfate(SQs ). The leaching test was performed totally

of six times, and theariation inelemenal contentof fine fraction (<15 mm) irmg/kg is

presentedn the Tablel0. Each individualleachingtest result is presentedtime Appendix

5.

Tablel0.Var i ati on of foi

according taCEN/TR 16192:2020

ne

Element mg/kg
Arsenic(As) <0,1
Barium (Ba) <4,0
Cadmium (Cd) <0,01-0,02
Chromium(Cr) <0,1
Copper(Cu) <0,41,7
Molybdenum(Mo) <0,1-0,4

fractionos

(<15 mm)
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Table 10. continue&/ ar i ati on of fine fractionés (<15

performed according t6EN/TR 16192:2020

Element mg/kg
Lead(Pb) <0,1
Nickel (Ni) <0,1-0,7
Antimony (Sb) <0,050,12
Seleium (Se) <0,03
Zinc (Zn) <0,832
Mercury (Hg) <0,002
Chlorine(CI) <160480
Sulfate(SQy %) 1332416418
Fluorine(F) 4,912

4.1.5 Particle shape

L&W Fiber Testeiit Code 912 device was used to analymnumber of fibers, mean length,
mean width, and mean shapetloé fine fraction samples. Untreated, crushed and burned
fine fraction with particle sizes of <0,2 mm, @2 mm, 0,50,8 mm, 0,81,25 mm and 1,25
2,5 mm was analyzedurned fine fraction wittparticle size between 1,285 mm was
analyzed twice because the first trial around half of the material remain on theaker
during the analysis due to too long fibers for the device to be handl#éte second trial
around one fourth remaed on thebeaker and therefore only aroud#d of the sample was
analyzed Chart ofthe number of fibers in each length class is presented in the H@ure
Results of mean length, mean widdind length to width ratio are presented in the Figlre
Calculated aerage values of three test results were used infiiguhes. FResults of burned
fine fraction with particle size between 1;2% mm in Figure 46 and47 arebased on the
second trialCalculated averageaiues of length to width ratio Figure47wasachieved by
dividing the mean length value [mm] by mean width value [niakh individual resulis

presented in thAppendces6-8.

The greatest number of fibevgas found from thdourned fine fraction with particle size
below 0,2 mm. The least number of fibers owtlb$ampleswaswith theburned fine fraction

with particle size between 1,255 mm.The longest fibersverewith burned fine fraction



93

with particle size between 325 mm whereas the shortest fib&esrewith crushed fine
fraction with particle size below 0,2 mm. The widest fib@esewith crushed fine fraction
with particle size below 0,2 mm while timarrowestiberswerewith burned fine fraction
with particle siz between 0;8,25 mmBurned fine fraction hdthe greatest length to width
ratio compared to the burned and crushed fine frastioen observing each particle size
class separatelyrhe greatest length to width rati@swith burned fine fraction with pcle
sizes of 0,5,8 mm while the lowest length to width rati@aswith crushed fine fraction

with particle size below 0,2 mm.

Number of fibers

2000

1800 1739
1600
1400
1200
1000
800 632
600 462 351
271

;gg 2.25 107 i_’ 147 113 I 84 l 139 -4 190 46

0

< 0,2 mm 0,2-0,5 mm 0,5-0,8 mm 0,8-1,25 mm 1,25-2,5 mm
m Untreated fine fraction Crushed fine fraction Burned fine fraction

Figure46. Numberof fibers (with length over 0,2 mmdf untreated, crushed, and burned

fine fraction with particle size below 0,2 mm and betweeri @5 mm.
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mml - Mean length [mm] Mean width
2.0 0.06
0.05
1.5
0.04
1.0 0.03
0.02
o L
0.0 0.00
<0,2 mm 0,2-05mm 0,5-0,8 mm 0,8-1,25 mm 1,25-2,5 mm <0,2 mm 0,2-0,5mm 0,5-0,8 mm 0,8-1,25 mm 1,25-2,5 mm

Length to width ratio

80
70
60
50
40

30
20 I I
oo | in Il i i

<0,2 mm 0,2-0,5 mm 0,5-0,8 mm 0,8-1,25 mm 1,25-2,5 mm

m Untretaed fine fraction  m Crushed fine fraction Burned fine fraction

Figure 47. Meanlength [mm], mean width [mm] and length to width ratio of untreated,

crushed, and burned fine fraction with particle size below 0,2 mm and betwe2b 0)2n

Figures in Tabled1-13 are fromtheL & W Fi ber Tester 6s (4-d3) t war
the analyzed materialsvere untreated, crushed and burned fine fraction screened into
particle sizebetween0,5-0,8 mm. Length [mrto width [mm] distribution is presented in

the Tablell In Tablesl2and13, t he f i Wweaedisided ihte fivggldgth classes
whichwere0,2-0,5 mm, 0,51,5 mm, 1,583 mm, 34,5 mm, and 4,5,5 mm. In Tabld 2, the
horizontal axis describes those length classes, and the vertical axis describes the distribution,
where the sum of all classes is 1. In Td8gthe horiontal axis describes the length classes
while vertical axi s des cr,iwheeeghe sumés alsoiAb er s 6
seen from th@ables 11, 12 and13, untreated A-C), crushedD-E) and burned (&) fine
fractiorswith particle sizebetween0,5-0,8 mm hd similar shaped lengthvidth, and length

to width graphs when compared in their respective categdtmsever, one result from



burned fine fraction, Figure | in Tablé4, 12 and13, differs from other results of burned
fine fraction (Fgures G and H)Based orthe information inFigure47 and Tables11-13,
the widest fibersverewith crushed fine fraction, the longest fibeverewith burned fine

fraction and the greatest length to width ratiaswith burned fine fraction.

Tablell Length [mm]i Width [mm] charts of untreated &), crushedD-F), and burned
(G-1) fine fraction with particle sizbetweer0,50,8 mm from L&W Fiber Tester software.

Untreated fine fraction Crushed fine fraction Burnedfine fraction
(0,50,8 mm) (0,50,8 mm) (0,5-0,8 mm)
A U05-0,8A D C0,50,8A G B0.508A
Length-Width — Length-Width Length-Width
100 196 100 % 100
190 93
20 183 80 % 90 80
_ 177 _ 8 ) 87 _
Eew o Ewf = o g e
£ 158 £ ] 77 g p
z Y 152 £ 4 - 74 s =
1 145 = 71 :
2 139 S D 68 2 I
133 65 1
0 126 0 62 o
005115225335445556566577.5 420 0051152253354455556657 75| sg 005115225335445555665775
Length [mm] —— Length [mm] — Length [mm]
B uU0,50,8B E C0,50,8B H B0,50,8B
Length-Width Length-Width Length-Width
100 218 100 97 100
212 = 94
80 208 80 91 80
= 198 _ - 87 _
iw o 5 o Higs m Ew
£ ] 1T 1 £
fu 1m0 2 wHiEH s 2w
=
20 132 20 % 2 ~ e -
143 66 : S
0 142 0 " 62 0 ;
0051152253354455556657 75 435 0051152253354455556657 75| 50 005115225335445665665776
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Table12. Percentage distribution of lengtimm] between five length classes of untreated
(A-C), crushd (D-F), and burned (&) fine fraction with particle sizeéetweer0,50,8 mm
from L&W Fiber Tester software.

Untreated fine fraction
(0,5-0,8 mm)

Crushed fine fraction
(0,50,8 mm)

Burned fine fration
(0,5-0,8 mm)

A U0,50,8A

Proportion

C0,50,8A

Proportion

y y
0,2-05 0515 153 3-4,5 4,5-7.5

0205 05-1.5 1,5-3 3-4.5

B0,50,8A

Proportion

0,205 05-15 1,5-3 3-4,5 4575

B u0,50,8B

Proportion

C0,50,8B

Proportion

——
0205 0515 153 345 4575

0,2-05 0,515 1,5-3 3-45

B0,50,8B

Proportion

02-05 0515 1.5-3 34,5

C u0,50,8C

Proportion

C0,50,8C

Proportion

7
0205 0515 153 345 4575

— e
0205 0515 153 345 4575

B0,50,8C

Proportion

' ' '
02-05 0515 1.5-3 3-45 45-7,5




97

Table13. Width [mm] distributed into five lengtklasses of untreated {&), crushedD-F),
and burned (G) fine fraction with particle sizbetweer0,5-0,8 mm from L&W Fiber Tester

software.

Untreated fine fraction

Crushed fine fraction

Burned fine fraction

(0,50,8 mm) (0,50,8 mm) (0,50,8 mm)
A U0,50,8A D C0,50,8A G B0,50,8A

' '
0205 0515 153 3-45 4575

g
0,2-0,5 0,5-1,5 1,5-3 3-4,5 4,575

0205 0515 153 3-4,5 4,5-75

B u0,50,8B

Width

B

0205 0515 153 345 4575

C0,50,8B

Width

02-05 0,5-1,5 153 3-4,5 4,575

B0,50,8B

Width

0205 0515 153 3-45

C u0,50,8C

Width

50
45
40

35

30
25
20
15
10
5

— 7
0205 0515 15-3 3-45 4,575

45
40
35
30
25
20
15
104

C0,50,8C

Width

y u
3-4,5 4575

0205 0515 153

B0,50,8C

Width

r y y
0205 0515 1,53 3-45 4,5-7,5
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The moisture content of thentreatedfine fraction with particle sizdelow 15 mm was
studied according to SHSN 10975:1990. The weight of each sample was §0(M}1)
before oven. Samples were weighted after o¥ée. moisture content was calculatesing
the equation presented in tBESEN 1097%5:1990and Methodshapter of thishesis Based

on two measurements, moisture content of fine fraction was varying betwee3832%0.

Results are presented in the Tabde

Table 14. Moisture content olintreatedfine fraction(<15 mm) calculated fromweights

before(M1) andafter(Ms) drying themfor 24hours irtheoven at 103C according to SFS

EN 109%5:1990.

18.11.2021 8.2.2023

Weight before| Weight after Moisture Weight after Moisture

oven (M) [g] | oven (M) [g] content [%] | oven (M) [0] content [%)]
Surface layer 100 72 38,9 779 29,9
Middle layer 100 72 38,9 759 33,3
Bottom layer 100 72 38,9 759 33,3
Mixed 100 73 37,0 769 31,6
Calculated average 100 72,25 38,4 75,759 32,0

4.1.7 Dry and theoretical density

Dimensions(length, width and heightind weight of each test specimens were measured

before the compressive strength testee theoretical @nsity was calculated by dividingst

S p e c i we@ht lByss volume Dry densiy was determined withneliter scoop Average

values of theesults dimensions, massetheoretical andiry densities are presented in the

Tablel5. Results of ach individual test specimens are presented in the Appéndi
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Tablel5. Average values of asses [g], dimensionsn], and dry densities measured from

test specimens before compressive tests out of wthiebreticaldensities [kgm?] were

calculated.
Dimensions of the cube Theoretical
Name of the test . shaped test specimen . Dry density
: Weight [g] . ) density
specimen (length x width x height) 3 g/l
[kg/m]
[mm]
U0,50,8 _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
C0,50,8_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
B0,50,8_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
B1,252,5_d40_avg 103,1 40,0 40,0 39,9 1614 715
B2,55,0_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 Figuré8 and Tablel5, the highest theoretical densitie®re obtaired
with burned fine fraction, and the lowest theoretical densitiEr®obtainedwith untreated
fine fraction.Highest theoretical densitwaswith burned fine fraction wh particle size
beween 015 mm (1703 kg/nf) and the lowest densityaswith untreated fine fractiowith
particle size between 6B8 mm (1396 kg/f). Theoretical densities of test specimens

(d=40 mm) madeutof burned fine fraction are presentedhe Figure49.
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Theoretical density [kg/d)

[kg/m?]
1703
1800 1599 1560 1533 1614 1664
1600 1485 1395 1438 1450 1495 41406 1403
1400
1200
1000
800
600
400
200
0
A s s ab b b b % g g g R e
&9/ Sp/ &9/ &9/ sp/ N &9/ &9/ 869/ 89/ Sp/ ’69/ N
N/ R 7/ QOo/ 03,/ 9?0/ ,‘{?/ " 7 %‘Q/ Lb‘/ %70) L,\(/z)/ ,\‘,’)/ D(;,/
Q N N N & & < 5 C N & &
Y N C 9 Q}Q‘ Q;\’ R
m Untreated fine fraction m Crushed fine fraction Burned fine fraction

Figure48. Averagevalues of theoretical densitilsg/m®] of test specimens (d=40 mm &
d=150 mm) madeut of untreated, crushed and burned fine fraction arranged according to

particle size distribution from smallest to largest.

[kg/m?] Theoretical density [kg/d} of burned fine fraction
1700 1664

1650 1614

1600 1560 1533 ------------------------
1550 | sesesscecesssseessssssssseissntinasnagenntsssennsssngeissnseetan

1500
1450
1400

1350
<0,2 mm 0,2-0,5mm 0,5-0,8 mm 0,8-1,25 mm 1,25-25mm 2,5-5 mm 5-15 mm

Figure 49. Averagevalues of theoretical densities [kginwith linear trend lineof test

specimens (d=4thm) madeout of burned fine fraction arranged according to particle size

distribution from smallest to largest.

As seen from the Figusé0 and51, and Tablel5, the highest dry densitiegere obtained
with burned fine fraction, and the lowest dry densitiese obtainedvith untreatedand

crushed fine fraction. Significantly highest dry denswgswith burned fine fraction with
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particle sizebetwesn 515 mm (1075 g/l) and the lowest densitigsrewith untreatedand
crushed fine fraction (46805 g/l).

[9/1] Dry density [g/l]

1200 1075
1000
775 770
800

525
600 487 505 505 505 40

m Untreated fine fraction m Crushed fine fraction m Burned fine fraction

Figure50. Averagevalues of dry densitigg)/l] of test specimens (d=40 mm & d=150 mm)

madeout of untreated, crushed and burned fine fractiolanged according to particle size

distribution from smallest to largest.

[9/1] Dry density [g/l]of burned fine fraction
1200 1075

1000 -
o 1 ...............
- 575 B45 e e
600 525 Y00 et
40
20

<0,2 mm 0,2-0,.5mm 0,5-0,8 mm 0,8-1,25mm 1,25-25mm 2,5-5 mm 5-15 mm

o

o

o

Figure51. Averagevalues of dry densitiegy/l] with a linear trend line of test specimens

(d=40 mm) madeutof burned fine fraction arranged according to particle gigeibution

from smallest to largest.
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5 Analysisand discussion

To get a proper understanding about the quality, properties and utilization opportamities

fine fraction results of this study must l@mbined,and causal connections should be
observedbeteen di fferent characteristics. Pr oc
on strength properties as well the process
are clarified. Based on the literature review and the characteristics of fot®rirathe
opportunities to increase the value chain of fine fraction are suggestally, the regulation

and permit related issues for the use of fine fraction and other recycled materials in products

are determined.

5.1 Reliability and omparison oftheresults

To increase the reliability of the research, results must be comparable with other Stuglie
material content of fine fraction will be compared to the material content of CDW. The
elemental composition will be compared to timeitls for harmful sibstances determineal

the specific regulation for crushed concreteorder toget indicative about the harmful
substances and their amounts. The compressive strength results of concrete test specimens

will be compared to the strength results gained wétural aggregates.

5.1.1 Materialcomposition

Lilkanen et al(2018)havebeenstudied the material content of CDW in Finland before the
mechanical separatiokiVhile comparing material content of CD¥Wdied byLiikanen et

al. (2018, p. 10pndthe material content ofine fractionfrom CDW studied in this thesjs
some differences can be observed as seen in the T&afdlke share of aggregategyreater

in fine fractionstudied in this thesisompared to CDWstudied by Liikaneret al (2018).
The dare of gypsum is gater in CDW compared to fine fraction which might be tue
that gypsum will grind into fine during the waste treatment process and themsfpseim
might mostly beconsidered as fine materi@ material content of fine fractionn CDW

studied by Liikaneret al. (2018)there isagreater share ahetals compared to fine fraction
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studied in this thesisyhich might be du¢o that metals are removed from CDW at waste
treatment process before fine fraction is generated. The shamssfiglthree times greater
with fine fraction compared tmaterial content o€DW studied by Liikaneret al (2018).
On the other hand, the share of wool isaggr in CDW compared to fine fraction but still,
they are inthe same rage compared to otherattions.The share of wood and plastics are
quite similar betweethe twostudies.If fine material, unidentified material, electric wires
and textiles are considered as Otisaction, the sharef Other-fractionsbetween studies

are quite equal.

Tablel1l6. Material contergof fine fraction determinated in thiBesis and material content

of CDW studiedby Liikanen et al. (2018 alues written in gray color have been taken into

accountinthda bl eds BB.pper | eve
Material content of fine | Material content of CDW in
# Fractions fraction(>5 mm) based on|  Finland (Liikanen et al.
this study 2018, p. 10)
[%] [%]
1 Aggregate 341 17
11 Concrete 149 3
1.2 Ceramics 184 -
1.3 Brick 0,3 2
1.4 Stone 0,6 -
15 Other aggregate - 12
2 Asphalt 0,1 -
3 Gypsum 16 9
4 Wood 208 26
5 Ferrous metal 03 4
6 Glass 15,8
T | e 1
7.1 Plastic 1 (hard) 104 13
7.2 Plastic 2 (soft) 3,7 4
7.3 Rubber 2,7 -
7.4 Styrofoam 11 -
7.5 PVC - 1
8 Wool 2,1 5
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Table 16 continuesMaterial contents of fine fraction determinated in this thesis, and

material content of CDW studied by Liikanen et al. (20¥@)jues written in gray color

have been taken into account in the
Material content of fine | Material content of CDW in
# Fractions fraction (>5 mm) based on  Finland (Liikanen et al.
this study 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

Tabl

Even if results othematerial contents between CD8udied by Liikanen et al. (2018phd

fine fraction(>5 mm) studied in this thes&e not equahs presented in thEable 16 the

results of fine fractiod s

mat e r caalbe cansideredereliabl€@he most significant

reason for the differences between theseresultsis the fact thamaterial content of CDW

and fine fractions highly dependent on whetkey are collected. Another reason for the

difference betweetheresults is that even if fine fraction is generated from CDW, it has

gone through waste treatment process includingpreéng, crushing, drum screen, metallic

separation, antlip-flop screen, whils havean effect on the material content distributam

not all material from CDW endp to fine fractionIn addition,two manuakeparations ere

made while determining the material content of fine fraction. Results were simhiein

supports the rellality, aspresented ithe TableB.

Based on the separation of untreated finetifsa with particle size above 5 mm, the share

of organic materialbk 39,11%or 41,79%n casaunidentified materiais classified as organic

materia] and the share of inoagic materialsis 58,21%.Based on the combustion of

untreted fine frcation with particle size below 15 ntihe share of organic materiad5,4%%

andthe share of inorganic contaat4,55%.Those shares of organic and inorganic contents

are close to ez other and therefor can be stated that material content of >5 mm untreated

e

fine fraction represents quite reliable the material content of untreated and crushed fine

fraction with a particle size below 15 mAlso, theresult increases the relialyliof the fine

fractionos

composition.
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5.1.2 Elemental composition

According to Valtioneuvoston asetus betonimurskeen jatteeksi luokittelun paattymisen
arviointiperusteista (466/2022¢rushed concrete that is gone trowghecovery operation
mentioned in the 8 § and 9c&n be used in applicatiomsentioned in 14 8such asan
aggregate in concrete producifsthe share of harmful substances are within the limits
mentioned in theegulationandwhich ae alsopresentedn the Tablel7. (Valtioneuvoston
asetus betonimurskeen jatteeksi luokittelun paattymisen arviointiperusteista 466/2022
While comparing leaching test results made for fine fraction collected from Ekokaari Oy
the content of copp€ICu), nickel (Ni) , zinc (Zn), chlorine(Cl) and sulfatgso, >) exeed
those limits for harmful substances mentioned in the regulation 466/282#esented in

the Tablel7. Although, the content of coppmrexceeding the limit of 1 mg/kg only in one
test out of six. With nicdl, the limit of 0,3 mg/kds exceedng with three tests out of six.
With zinc, the contenis variating significantly between six leaching tests madefifer
fraction. The content of zinc in three reswte 17-32 mg/kg, while with the rest three test
results the caentis below 0,8 mg/kg and therefqreemaining under the limit for zinc
content (4 mg/kg). Limit for chlorine content (200 mg/kgs@xceeling in two tests out of

six. The content a$ulfateg(1332416418 mg/k{ aresignificantly exceeithg the limit (300

mg/kg) mentioned in the regulation 466/2022 with each six test results.
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Tablel7. Limits for harmul substances determined accaydo'SFSEN 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 8§ (modified Valtioneuvoston asetus
betonimurskeen jatteeksi luokittelyg@attymisen arviointiperusteista 466/2022, Appendix

3), andelementaktontentof fine fraction from Ekokaari Oy analysed accordingoteSEN
16192(L/S 10).Red numbers in the Table are identifying that the limit mentioned in the
regulation 466/202% exceeded.

_Valtioneuvg;ton RS Variatono f f i ne ftent |
Element betgqlmur_skeen ja_ttge_k5| Iu0k|_ttelu collected from Ekokaari Oy during
paattymisen arviointiperusteista 20192021
466/2022
[ma/kd [ma/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 <0,41,7
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 <0,050,12
Selaium (Se) 0,2 <0,03
Zinc (Zn) 4 <0,832
Mercury (Hg) 0,01 <0,002
Chlorine(CI) 200 <160-480
Sulfate(SQ; 2) 300 1332416418
Fluorine(F) 12 4,912

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 ad@rsehic(As),

barium (Ba),chromium(Cr), lead(Pb), selenium (Se) andmercury(Hg) in fine fraction are

marked to be below th@inimum content otlementto be observed, thepresencen the

fine fraction is unsure. Therefore, basedlmsleaching test results, the reliability identified
elements in fine fraction aadmium (Cd),copper(Cu), molybdenum(Mo), nickel (Ni),

antimory (Sb), zinc (Zn), chlorine (CI), sulfate (SQu %) andfluorine(F).



As presented in the Tabler., the elemental content of fine fraction determintadough
leaching tests do not meet the requireradnt allowed amounts of harmful substances
mentioned in th&/altioneuvoston asetus betonimurskeen jatteeksi luokittelun péaéattymisen
arviointiperusteista (466/2022pne reasoffor fine fraction exceddg the limits might be

that the limits mentioned in éregulation 466/202&remeantfor crushed concrete, and fine
fraction (>5 mm)studied in this thesisontains only around 15 #f concrete and the rest

85 % contains other materials such as wood (21 %), ceramics (18 %), plastics (18 %), and
glass (16 %)

According to Asumisen rahoitusja kehittamiskeskug2022) and Hengitysliitto (2023)
harmful substances in construction materials that are no longer used but might be found from
older demolished buildings are asbespmdycyclic aromatic hydrocarbo®AH), benzene,
toluene, ethylbenzene and xylene (BTEX), volatile organic compoui@cC), and
polychlorinated biphenylPCB), creosotepetroleum hydrocarbonandheavy metals such
aslead(Pb), arsenidAs), cadmium(Cd), cobalt(Co), copper(Cu), nickel (Ni) and mercury

(Hg). According to EDS analysis, neevy 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 contémickel was below the limit

for harmulf substances men ttionoMor testashoulddee cr
carried ouf fine fraction to confirm the presence of PABITEX, VOC, PCVcompounds

along witithe presence of creosppetroleumand elements containing asbestosddition,

the content of those compaunds in fine fraction nigsbelow the limits mentioned in
specific product and chemical regulatiom®pending on the applicatiofor example,
according toValtioneuvoston asetus betonimurskeen jatteeksi luokittelun paattymisen
arviointiperusteista 466/202the content oPAH compounds must be below 3@#fkgm,

the content of PCB must be below 1 mg/kg, and the contepétodleum hydrocarbois

must be belov200 mg/kg with crushed concredpplications.

Finally, according to Brveyden ja hyvinvoinninlaito§2023 flame retadants might be
harmful for human health if containing bromine (Br), chlorine (CI), or phosphorus (P). None
of these elemenst were obtainedEDS analysis. Some content of chlorine was observed in

leaching tests.
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5.1.3 Compressive strength

According to Finnsementti Oy (2023b), EI23501, EN 123902 and1239G3, standard
give instruction®n how tomeasue compressive strength of concrete tegtcsmensWhen
the K20 recipe is followednd thetest specimenare in a shape of cube (d=150 mm)

compressive strength of 20 MPa is achieEtnsementti Oy 2023p

Larger testspecimengd=150 mm)in this studywere manufacturecbut of fine fraction
according to standard®FSEN 123901:202L - Testing hardened concrete. PartShape,
dimensions and other requirements for specimens and maudsaccording t&FSEN
123902:2019- Testing hardened concrete. Part 2: Making and cspegimens for strength
tests The compressive strength wedstermined according to standard SHS 12390
3:2019Testing hardened concreteart 3: Compressive strength of test specimdihe
smaller cubes (d=40 mm) out of fine fractimere manufactured ahtestedollowing the
principle ofaboveme nt i oned standar ds lashot dcdoringttoe s t
SFSEN 123901:2021 standard. Still, as seen from the compressive strength results made
out of untreated fine fraction in two different size® (mm and150 mm), the results are
close to each other and therefore compressive strength resultootadd 50 mm cubes

and 40 mm are comparable.

In K20 recipe, the share of fine aggregate8(éhm) is 40% and the share of coarser
aggregate (>8 mm) 80 % (Finnsementti Oy 2023a). Partideze analysis was made for
untreated, crusheand burned fine fraction. With untreated fine fraction, the share of fine
aggregate (® mm) was62% and the share of coarser aggregateysnm) was38%. With
burned finefraction the share of fine aggregates(@nm) was75% and the share of coarser
aggregate (B85 mm) wa25%. With crushed fine fraction, the share of fine aggregate
100% due to size reductiavith hammer mill As seen from the Table8, the shargof fine

and coarse aggregatesfine fractions are not aligned with the K20 recigéll, the small
compressive strengthalues around1-3 MPaand6,5 MPg obtainedfrom test specimens
madeout of fine fraction compared to the compressive strengthMEZ&) obtainedby
following the K20 recipe cannot be explained only by the difference in particle size

distribution.

In further research, ame test specimens could be manufactured from untreated and burned

fine fraction by following the principle mentioneth the K20 recipe. Thahare offine



aggregate (@ 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 strengésufts gained with natural aggregates.

Simultaneously, test specimens could be manufactured from natural aggregates.

Table 18. Share of fine aggregate and coarse aggregadedording to K20 recipe and

according to fine fractionsodo particle
Untreated fine| Crushed fine Burned fine
K20 [%] . : .
fraction [%] fraction [%] fraction [%]
Fine aggregate 40 62 100 75
Coarse aggrete 60 38 0 25

5.2 Key findings

The results of thisstudy e | a

to fine

S

i Z €

fracti ono sreggatiang i t vy,

related issuesrém productizationpoint of view By understanding properties and their

relatiors wi t

h

each

applications can be obtained.

521Pr ocessi

The four highestcompressive strengtlesultsin this thesisare obtaired with burned fine
fraction with particle sizebelow0,2 mm (6,54 MPa), belod5 mm (2,90 Npa), between
2,55 mm (2,81 Mpa), and with crushed fine fraction witharticle size below 4 mm (2,77
Mpa). However, when burning and screening fine fraction, notra@imaterial is utilized.
Asthe untreated fine fractias burned, around 55% of the material rensais a burned fine

fraction and 45%is combustedas orgaré material And, while screenindgurned fine

ng

ot her ,

f

i ne

fractionos

mestrehgthgrpditiese f f ect o

n

fraction, the share of particle size below 0,2 msmaround 26%, and the share of particle

size between 2;5 mmis only around 9%Therefore, if utilizing burned fine fraction with

particle size below 0,2 msa material in application®nly around 14 % of fine fraction

v al

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&52ybn the utilization rate of
the material is ean lower, only around 5 %Vhereaghe use of crushed fine fraction with
particle size below 4 mm utilizes all the matewalich supports the EU goal to utilize CDW

as a material at least 70 % by weight annually.

While comparing the average values of coesgive strength results of untreatedushed
and burnedine fraction which are screened irdameparticle sizeclassof 0,50,8 mm, the
highestcompressive strength is obtaineith untreated fine fraction (2,51 pa). Crushed
fine fraction (2,27 Npa) and burned fine fraction (2,23d) in same patrticle size class have
lower compressive strength values compared to untreated material, bthestdifference
is relatively small0,24-0,28 Mpa).

Crushed fine fraction with particle size below 4 mm highér compressive strength (2,77
Mpa) compared to the untreated fine fraction with particle size below 15 mmZ2D92
Mpa). Therefore, particle size reduction has positive impact on compressive strength.
Burned fine fraction (2,9 |ga) has higher comprase strength compared to the untreated
fine fraction (2,022,09 Mpa), whencomparing results in same patrticle size distribution (<15
mm). So, removin@rganic magrial from fine fractionhas positive impact on compressive
strength valuesAs a conclusion, the processing methaxtsishing and burningncrease

compressive strength values.

522Particle shapebds effect on strength

With untreated and crushed fine fraction with particle size between <0;2,5ahmm, the

length to width rab of fibers increasess the particle size increasedlith 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 resultsleVdbserving the legth
classes of <0,2 mm, 65 mm, 0,80,8 mm, 0,81,25 mm, and 1,232,5 mm burned fine

f r a c tengthnodnidth ratio is following the change itd compressive strength values.
Excluding the length class of <0,2 mihcan be stated that as thbempessive strength

increases, the length to width ratio increases, and vice versa, as seen from th&Zrigure

Burned fine fraction with particle size below 0,2 mm has significantly higher amount of

fibers 739 compared to other length classé6-113), acording to particle shape analysis.
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Number of fibers coulde one indicator of explaining tmemarkable greater compressive
strength result of burned fine fraction with particle size below 0,2cmmpared to other

length classesstill, as theL&W Fiber Testeri Code 912 device is designed to analyze only
cellulose fiberdor lengttsof 0,27 , 5 mm, t he r e s sdamhlweregafdedma r t |
indicative but not reliable.

Length to width ratio's effect on strength properties of
burned fine fraction

E 7.00 -
=, 6.00 o
< 1755
=2 5.00 150 ¢
Qo S
= 4.00 125 s
.g 3.00 100 8
7 75 8
0 200 2
g— 50 9
o 1l.00
S 25
0.00 0
< 0,2 mm 0,2-0,5 mm 0,5-0,8 mm 0,8-1,25 mm 1,25-2,5 mm
Compressive strength [MPa] —— Length to width -ratio

Figure52.Influenceo f b ur ned f i ntestrdngthapoopertiesmnaliffereath a p e

particle sizeclasses.

The compressive strength increases as the length to width ratio increases while observing
untreated and crushed fine fraction with particle size betweei®,8,5nm Still, the

di fference between | engt h (R2067)and aushedl6,9)t i o s 6
fine fractionis not significant. However, burned fine fraction has the highest length to width
ratio (67,77)but thelowestcompressive strengthihile observing the length class of @38
mmThe influence of fine fractionds | engt
untreated, crushed and burned fine fraction with particle size €f,8,Bhmis presented in

the Figureb3.
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Length to width ratio's effect on strength properties with
untreated, crushed & burned fine fraction (6058 mm)
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Figure53. Theinfluence of fine fractionds shape on

crushed and burned fine fraction with particle size of@&%mm.

As a conclusion based dhe results from burned fine fraction, the compressive strength
correlates withine fractiord s | en gt h Hewoce, beiletdgthiio widdn tatiodollows

the change of compressive strength valttesyvever,there isno clear correlation between
particle size distribution and pcangingad eds
the particle size increasesth burned fine fractionMore test specimens should be méute

untreated and crushed fine fraction in different particle size classegs@behaviour.

5.2.3 Processing methods effect on dry and theoretical densities

Burnedfine fraction hashighertheoretical densitie14851703 kg/ni) compared to test
specimens madeut of crushed (1438450 kg/m) and untreated (1396406 kg/ni) fine
fraction as presented in the Figusé. This might be due that light organic madé is
removed from the fine fraction and the heavy inorganic material rem@nushed fine
fraction has higher theoretical density compared to untreated one maybe libeaize

reduction removes the space between particles.

The trend line of theoretical densities of test specimens matae burned fine fraction in

theFigure49isincreasing 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) maickd burned fine fraction with

particle size above 5 mrhas significant amount of air betwettre particles, aseenfrom
theFigure39, which decrease the mass of test specimens due to large particle size and small
test specimenize Therefore, low weight (97,6 g) of test specimens noadlef burned fine

fraction with particle size above 5 mm affectddw dendty value (1495 kg/rf). Based on

this, theoretical densityasr e | at i on t o p adigressienican bedexpiained by, ar

a small test specimen size.

Highest dry density values are with burned fine fraction {8285 g/l). Untreated fine
fractionwith particle size below 15 mm (measuredlBi32023) and crushed fine fraction
with particle sizes between 6068 mm and 81 mm, has the same dry density values (505
g/l). Lowest dry density value igbtain@l with untreated fine fraction with particléze
below 15 mm(406 g/l) (measured irl8.11.202) Dry densty values of untreated fine
fraction with particle size below 15 mmeasured in 18.11.2021 and 13.3.26R8uld be
equal a they are same materidlowever, fine fraction is stored mutside storage before
moisture content analysis and therefaeenperature and humidity might have an effect on

the results

With theburned fine fractionthere isarelationwith particle size andry density value. As
the particle size increases, dgndity value increaseSignificantly higher value of particle
size class of 85 mm (1075 g/l) compared to the second highest class @) (775 g/l)
can be explained by the huge (10 mm) raofgparticle sizesnsidethe particle size class
(5-15 mm). The lower value of particle size class ofl® mm (770 g/l) compared to the
classes of 25 mm (775 g/l) and85 mm (1075 g/lran bedue that particle size class of

0-15 mm contains particles in wide range as presented in the particle size analysis.

As seen from the Figu4, dry and theoretical densities are behaving sitgildihe greatest
difference between dry and theoretical densities is with burned fine fraction with particle
size between-45 mm, where the dry densiyalue (075 g/) is signficantly higher result
compared to other dry density value@775 g/, but also while scaling the value to

t heor et i c al of dnteatsdifiheyrécgon with pattide size betweebbbmm as

seen from the Figur&4. As estimatedrelatively low theoretical densityf burned fine

fraction with particle size above 5 noan be caused by the air between particlesirtrete

test specimens. Based on the correlation between dry and theoretical density presented in the

Figure54, theoretical densityalue of burned fine fraction with particle size betweelb5



























