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SVOJSTVA SAMOUGRADUJUCEGVBETONA SPRAVLJENOG S RECIKLIRANIM
AGREGATOM | RAZLICITIM MINERALNIM DODACIMA

PROPERTIES OF SELF-COMPACTING CONCRETE MADE OF RECYCLED
AGGREGATES AND VARIOUS MINERAL ADDITIVES

lva DESPOTOVIC

1 UVOD

Gradevinska industrija koristi ogromne koli¢ine
prirodnih resursa, istovremeno proizvodeéi znacajne
koli¢ine gradevinskog otpada, tako da ima veliki uticaj na
prirodnu sredinu. Godisnja proizvodnja betona u svetu
dostigla je deset milijardi tona, svrstavajuéi beton u
daleko najkoris¢eniji gradevinski materijal. Ako se ima u
vidu &injenica da je oko 70% betona agregat, jasno je
kolika je koli¢ina prirodnog i droblienog agregata
potrebna. Nekontrolisana eksploatacija agregata iz reka
ozbilino narusava vodene ekosisteme i stanista, dok
proizvodnja drobljenog prirodnog agregata povecGava
emisiju Stetnih gasova, prvenstveno CO;, odgovornih za
efekat staklene baste. Ovi gasovi nastaju u toku minira-
nja stena i tokom transporta agregata do ¢esto udaljenih
gradskih sredina.

S druge strane, kolitina gradevinskog otpada koji
nastaje tokom gradnje i ruSenja objekata rapidno raste,
produbljujuéi problem odlaganja ovog otpada, koji se
najéesce redava predvidenim deponijama (zauzimaju
velike povrdine zemljita, a odlaganje je skupo) ili
Ldivljim”, nelegalnim deponijama.

Jedno od re$enja navedenih problema jeste recikli-
ranje deponovanih gradevinskih materijala, prvenstveno
betona. Ova ideja nije nova i razvijene zemlje poput
Japana, Holandije, Belgije i Danske ostvaruju visok pro-
cenat reciklaze gradevinskog otpada. Reciklirani beton-
ski agregat najvise se koristi u putarstvu, za razlitite
ispune i izradu nekonstruktivhih elemenata (iviénjaka,
ograda i slitnog). Zbog neujednacenog kvaliteta,
mogucnosti ostatka razli¢itih primesa prilikom reciklaze,
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1 INTRODUCTION

Construction industry uses vast amounts of natural
resources, simultaneously producing significant amounts
of construction waste, so that it has a great impact on
the environment. Annual production of concrete in the
world has reached 10 billion tons, classifying concrete in
the most widely used building material. Having in mind
the fact that 70 % of concrete is aggregate, it is clear
what the quantity of natural and crushed aggregates
requires. Uncontrolled exploitation of aggregates from
rivers seriously disrupts aquatic ecosystems and
habitats, while the production of crushed natural
aggregates increases harmful gas emissions, primarily
of CO2, which are responsible for the greenhouse effect.
These gases are formed during blasting rocks and
during the transportation of aggregates to the usually
distant urban areas.

On the other hand, the amount of construction waste
generated during the construction and demolition of
buildings is growing rapidly, deepening the problem of
disposing this waste, which is usually solved by making
planned landfills (which occupy large areas of land and
disposal is costly) or illegal dumps.

One of the solutions of the mentioned problems is
recycling deposited building materials, primarily
concrete. This idea is not new and developed countries,
like Japan, the Netherlands, Belgium and Denmark
achieve a high percentage of recycling of construction
waste. Recycled concrete aggregates are mostly used in
road engineering, for different fillings and making non-
structural elements (curbs, fences, etc). Because of the
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vedeg upijanja vode i nize zapreminske mase u odnosu
na prirodni agregat, reciklirani agregat zahteva niz
ispitivanja i posebnu tehnologiju spravijanja betona.

Samougradujuéi beton, i sama inovacija u podrugju
tehnologije betona, sadrzi odredenu koli¢inu pragkastog
materijala — filera. Postoje razliite moguénosti odabira
ove komponente. Ukoliko bi se upotrebio neki od
industrijskih nusproizvoda, poput leteceg pepela ili
silikatne prasine, resio bi se problem deponovanja ovih
materijala, a ovako spravljen beton svakako bi se mogao
uvrstiti u ekoloske materijale.

Predmet istraZzivanja u ovom radu jesu svojstva i
tehnologija samougraduju¢eg betona koji je spravijen s
razliditim mineralnim dodacima: milevenim kreénjakom,
lete¢im pepelom i silikatnom prasinom, pri cemu su, kao
agregat, korisceni i prirodni i reciklirani agregat, dobijen
rudenjem potpornog zida, &ija je koli¢ina u betonu
varirana.

2 SAMOUGRABUJUCI BETON

Samougradujuéi beton (engl. Self-Compacting Con-
crete - SCC), po mnogim autorima ,najrevolucionarnije
otkrice industrije betona XX veka”, ne zahteva vibriranje
prilikom ugradivanja i zbijanja. Pod dejstvom sopstvene
teZzine u potpunosti ispunjava sve delove oplate &ak i u
prisustvu gusto postavljene armature. Njegove prednosti
su: brza gradnja, smanjenje broja potrebnih radnika,
bolie finaine povréine, lak$e ugradivanje, poboljsana
trajnost, veca sloboda oblikovanja elemenata, smanjenje
buke, odsustvo vibracija, i samim tim, zdravije radno
okruzenje. Procena je da se prilikom upotrebe
samougradujuceg betona umesto vibriranog, potrebe za
radnom snagom smanjuju za oko 10%; kod primene
prefabrikovanih elemenata, vreme gradnje je kraée za
oko 5%, a potreba za radnicima manja za oko 20%;
prilikom primene sendvit-elemenata (&elik—-beton)
usteda u vremenu je 20%, a u radnoj snazi 50%. Glavni
nedostaci upotrebe samougradujuceg betona jesu veéa
cena materijala, strozi zahtevi kvaliteta i veéi pritisak na
oplatu u odnosu na vibrirani beton [13].

Kod samougradujuéeg betona najvaznije su njegove
karakteristike u sveZem stanju. Prilikom projektovanja
mesavine, akcenat se stavlja na sposobnost betona da
se razliva samo pod dejstvom sopstvene teZine i da u
potpunosti ispuni oplatu ma kog oblika i dimenzija bez
ostavljanja 3upliina, da prode kroz gusto postavijenu
armaturu bez =zaglavljivanja, da zadrzi homogenu
strukturu bez izdvajanja agregata iz paste ili vode od
¢vrste faze, kao i bez tendencije krupnog agregata da
.propadne” kroz betonsku masu pod dejstvom gravitacije
(segregacija). Dakle, klju¢ne karakteristike svezeg SCC-
a jesu: sposobnost teCenja, viskoznost (izrazena
brzinom teenja), sposobnost prolaza i otpornost na
segregaciju [2]. Betonska mesavina ée biti klasifikovana
kao SCC jedino ako su sva navedena svojstva u
potpunosti ostvarena, pri ¢emu se svako od njih moze
testirati na vi$e nadina.

Osnovne komponente mes$avina kod vibriranog i
samougradujuéeg betona jesu iste, ali se razlikuju
odnosi mesanja i SCC sadrzi viSe sitnog agregata i sitnih
¢estica, kao i aditive najnovije generacije (modifikatore
viskoziteta i visoke sposobnosti redukcije vode) u
odnosu na vibrirani beton. Propisno projektovan i
ugraden, SCC se odlikuie veéom kompaktnoscu i

uneven quality, the possibility of various impurities to
rest during recycling, larger water absorption and lower
bulk density, compared to natural aggregates, recycled
aggregates require a series of tests and special
technology of concrete making.

Self-compacting concrete, being innovation in the
field of concrete technology, contains a certain amount
of powdered materials — fillers. There are various
possibilities of selecting this component. if we used any
of the industrial by-products, such as fly ash or silica
fume, we would solve the problem of depositing these
materials, and thus made concrete ecological material.

The research subject presented in this paper are
properties and technology of self-compacting concrete
made with various mineral additives: lime, fly ash, and
silica fume, wherein the aggregates used, are both
natural and recycled aggregates, obtained by demolition
of retaining wall, whose amount is varied in the concrete.

2 SELF - COMPACTING CONCRETE

Self - compacting concrete (SCC), according to
many authors “the most revolutionary discovery of
concrete industry of the 20™ century”, does not need
vibrating when placing and compacting. Under the
influence of its own weight, it completely fills all parts of
the formwork, even in the presence of dense reinforce-
ment. Its advantages are fast construction, a reduced
number of required workers, better final surface, easier
placement, and increased durability, greater freedom in
designing elements, noise reduction, vibration absence,
and therefore healthier work environment. it is estimated
that when using self-compacting concrete instead of
vibrated concrete, the need for workers is reduced by
about 10%; when using prefabricated elements, con-
struction time is shorter by about 5%, and demand for
workers decreased by about 20%; when applying
sandwich elements (steel - concrete)} time saving is 20%,
and savings in the labour force 50%. The main dis-
advantages of the use of self - compacting concrete are
higher material prices, stricter quality requirements and
increasing pressure on the formwork compared to
vibrated concrete [13).

With self-compacting concrete, its most important
characteristics are in its fresh state. When designing
mixes, emphasis is placed on the ability of concrete to
be levelled out only under the influence of its own weight
and to fully fill the formwork of any shape and dimen-
sions without leaving voids, to pass through dense rein-
forcement without blocking, to retain a homogenous
structure without separating aggregate from paste or
water from the solid phase, as well as without the
tendency of coarse aggregates to “fall” through the con-
crete mass under the influence of gravity (segregation).
Therefore, the key characteristics of fresh SCC are
floating, viscosity (expressed by floating rate), passing
ability and resistance to segregation [2]. Concrete mix
will be classified as SCC only if all the above properties
are fully achieved, wherein each of them can be tested
in a number of ways.

The basic components of the mixes in vibrated and
self - compacting concrete are the same, but ratios
differ, so that SCC contains more fine aggregate and
fine particles, as well as additives of the latest gene-
ration (modifiers of viscosity and high capacity water

4
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homogenoséu u odnosu na vibrirani beton, pri ¢emu se
svojstva odvrslog samougradujuéeg betona ispituju na
isti nain kao odgovarajuca svojstva vibriranog betona.

3 MINERALNI DODACI
3.1 Leteci pepeo

Zacetnici ideje o primeni lete¢eg pepela, dobijenog
sagorevanjem uglja u betonu, bili su McMillan i Powers
1934. godine. Krajem 40-tih godina izvr$ena ispitivanja u
Britaniji (Fulton i Marshall) dovela su do gradnje brana
Lednock, Clatworthy i Lubreoch, s lete¢im pepelom kao
cementnim dodatkom. Sve ove konstrukcije su i posie
Sezdeset godina u odliénom stanju [10].

Prilikom sagorevanja uglia u peéi na temperaturi
izmedu 1250°C i 1600°C, nesagorive &estice se spajaju,
formirajuéi sfericne staklaste kapljice silikata (SiOy),
aluminata (Al2O3), oksida gvoZda (Fe2Os) i drugih, manje
vaznih konstituenata. Kada se leteéi pepeo doda betonu,
podinje pucolanska reakcija izmedu silicijum-dioksida
(Si02) i kalcijum-hidroksida (Ca(OH)y) ili kre¢a, koji je
nusprodukt hidratacije Portland cementa. Nastali
produkti hidratacije popunjavaju pore, smanjujuci
poroznost matrice. Ovi produkti se razlikuju od
produkata nastalih u betonima, koji sadrze samo
Portland cement. U reakcijama Portland cementa i vode
nastaje najpre hidratisan kre¢ (Ca(OH);), koji se zbog
svoje ogranitene rastvorljivosti formira u meguprostoru
cestica. U prisustvu vode, kre¢ pucolanski reaguje s
lete¢éim pepelom, pri ¢emu nastaju novi produkti
hidratacije fine strukture pora.

Cestice sitnije od 50um uglavnom su sferiéne (slika
1) dok krupnije ¢estice mogu da budu nepravilnijeg
oblika. Sferiéne cestice daju znacajan doprinos fluidnosti
betona u plasticnom stanju, optimizujué¢i upakovanost
cestica [1].

3.2 Silikatna prasina

Silikatna prasina (slika 2) veoma je fin prah sledecih
osobina:

1) sadriaj silicijum-dioksida, SiO2,najmanje 85%;

2) prose¢na velitina Cestica izmedu 0.1 i 0.2
mikrona;

3) minimalna specificna povrsina 15000 mzlkg;

4y} sferni oblik Gestica.

Silikatna prasina nastaje prilikom topljenja kvarca na
visokoj temperaturi u peéi sa elektri¢nim lukom, pri ¢emu
nastaje silicijum ili ferosilicijum. Zbog ogromne koli€ine
potrebne elektritne energije, ove peci se nalaze u
zemljama sa znacajnim elektropotencijalom poput
skandinavskih zemalja, Sjedinjenih DrZava, Kanade,
Juzne Afrike i Australije. Kvarc visoke Cistoce zagreva se
do 2000°C, gde se kao gorivo koriste ugalj, koks i
drvena piljevina, a zatim uvodi elektri¢ni luk da bi se
izdvojili metali. Topljenjem kvarca oslobada se silicijum-
oksid u gasovitom stanju, koji se mesa s kiseonikom u
vi§im delovima peci, gde oksidira, prelazeéi u si¢usne
¢estice amorfnog silicijum-dioksida. Cestice se izvode iz

reduction) compared to vibrated concrete. Properly
designed and placed, SCC is characterized by a greater
compactness and homogeneity compared with the
vibrated concrete, wherein the properties of the
hardened self-compacting concrete are tested in the
same way as the corresponding properties of the
vibrated concrete.

3 MINERAL ADDITIVES
31 Fly Ash

The initiators of the idea of applying fly ash, resulted
from coal burning, in concrete were McMillan and
Powers (1934). At the end of 40s the experiments
carried out in the UK (Fulton and Marshal) led to the
construction of dams Lednock, Clatworthy and
Lubreoch, with fly ash as a cement additive. All these
structures are after 60 years in excellent condition [10].

During the combustion of coal in a furnace at
temperatures between 1250°C and 1600°C, non-
combustible particles combine to form spherical glassy
droplets of silicate (SiO2), aluminate (Al2Os), iron oxide
(Fe203) and other less important constituents. When fly
ash is added to concrete, pozzollanic reaction starts
between silicon dioxide (SiO2) and calcium hydroxide
(CaOHy) or lime, which is a by-product of hydration of
Portland cement. The resulting products of hydration fill
pores reducing the porosity of the matrix. These
products differ from the products formed in concrete
containing only Portland cement. In the reactions of
Portland cement and water, hydrated lime (CaOH,) is
formed first, in the space between particles, because of
its limited solubility. In the presence of water, lime reacts
pozzollanic with fly ash to form new hydration products
with fine pore structures.

Particles smailer than 50-are generally spherical
(Figure 1), while larger particles may be irregularly
shaped. Spherical particles provide a significant
contribution to the fluidity of concrete in the plastic state,
optimizing the packing of particles [1].

3.2 Silica Fume

Silica fume (Figure 2) is very fine powder with the
following characteristics:

1) the silica, SiOy, content of at least 85%

2) average particle size between 0.1 and 0.2
microns

3) minimum specific area 15 000 mzlkg

4) spherical shape of particles.

Silica fume is formed during melting quartz at high
temperature in an electric arc furnace, wherein silicon or
ferrosilicon occurs. Because of the huge amount of
electricity needed, these furnaces are located in the
countries with significant electrical potential, such as
Scandinavian countries, USA, Canada, South Africa and
Australia. High purity quartz is heated to 2000°C using
coal, coke or wood chips as fuel and then electric arc is
introduced in order to remove metals. By melting quartz,
silicon oxide is released in gaseous state, and it is mixed
with oxygen in the upper parts of the furnace, where it
oxidizes turning into tiny particles of amorphous silicon
dioxide. Particles are carried out from the furnace
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peci kroz kolektor i obrtni deo u kojima se odstranjuju
nesagoreli delovi uglja, a onda ,uduvavaju” u posebne
filter- vrece.

Slika 1. Cestica leteéeg pepela (SEM slika) [10]
Figure 1. Fly ash particle (SEM picture) [10]

Zahvaljujuéi svojoj prirodi, i mali dodatak silikatne
pradine znatno menja fizitko- hemijske osobine betona.
Uobi¢ajeno doziranje od 8 do 10% tezine cementa znadi
izmedu 50000 i 100000 mikrosfera prasine po zrnu
cementa, $to direktno povecava koheziju betona.
Ukoliko se koristi silikatna prasina u pragkastoj formi,
javice se potreba za veéom koli¢inom vode da bi se
omogudili mesanje i ugradnja, pa je nuZna primena
plastifikatora ili superplastifikatora.

lz aspekta ugradijivosti, treba pomenuti da svez
beton sa silikatnom prasinom zbog vece kohezije ima
manje rasprostiranje (slump vrednosti). Veoma fine
Cestice praSine obezbedie znatno veéu kontakinu
povrsinu sveZeg betona i armature i na taj naéin stvoriti
bolju vezu odévrslog betona sa armaturom. Osim
odsustva segregacije i popunjavanja glavnih Supljina,
tipitno za betone sa silikatnom prasinom jeste da nema
izdvajanja vode. Zbog toga se odmah po ugradivanju
mora otpoleti sa ocdgovarajuéem negom. Takode se i
zavrSna obrada, poput perdasenja, radi znatno ranije
nego kod obi¢nih betona.

Bez obzira na manje rasprostiranje, odsustvo izdvo-
jene vode i ,Zeliranje” (zgus$njavanje kada se ne mesa)
ne ukazuju na ubrzano oévrséavanje. Silikatna prasina je
pucolan i za njeno aktiviranje neophodno je prisustvo
kalcijum-hidroksida. On nastaje u procesu hidratacije
cementa tako da silikatna prasina moze da se aktivira
tek kada cement po¢ne da reaguje. Vreme vezivanja kod
betona sa silikatnom prasinom isto je kao i kod obi¢nih
betona. Kako beton pocinje da vezuje i o¢vrécava, puco-
lanska aktivnost silikatne prasine postaje dominantna
reakcija. Silikatna prasina reaguje sa slobodnim kalci-
jum-hidroksidom, gradedi kalcijum-silikat i hidrate alumi-
nijuma. Ova jedinjenja poveéavaju ¢vrstocu i smanjuju
propusnost, progudéujuéi cementnu matricu.

Zbog vece specifitne povrSine i viSeg sadriaja
silicijum-dioksida, silkatna prasina je mnogo reaktivnija
od lete¢eg pepela ili granulisane zgure. Ova pojacana
reaktivnost prvobitno ¢ée znatno pojacati brzinu
hidratacije C3S minerala cementa, ali se nakon dva dana
proces normalizuje.

through the collector and cyclone, where the unburned
parts of coal are removed, and then “blown” into the
special filter bags.

Slika 2. Silikatna prasina (SEM slika) [14]
Figure 2. Silica fume (SEM picture) [14]

Due to its nature, even a small addition of silica fume
significantly changes physical and chemical properties of
concrete. The customary dosage of 8- 10% by weight of
cement means between 50 000 and 100 00O
microspheres of dust per cement grain, which directly
increases the cohesion of concrete. If silica fume is used
in the powder form, there will be a need for a greater
amount of water to allow mixing and placement of
concrete so it is necessary to apply plasticizers and
superplasticizers.

In terms of placeability, it should be noted that fresh
concrete with silica fume has less spreading (slump
values) because of greater cohesion. Very fine silica
fume particles will provide considerably larger contact
area of fresh concrete and reinforcement and thus make
better bonding of hardened concrete with reinforcement.
Besides the lack of segregation and filling the main
cavities, in concrete with silica fume, there is no
separation of water. That is why, immediately after
placement, it is necessary to begin with appropriate
curing. Finishing, such as pargeting, is also done much
earlier than in ordinary concrete.

Regardless of less spreading, the absence of free
water and “gelling” (jellification when not stirred) do not
indicate rapid hardening. Silica fume is pozzolan and it
requires the presence of calcium hydroxide to be
activated. Calcium hydroxide is formed in the cement
hydration process, so that silica fume can be activated
only when the cement begins to react. Setting time of
concrete with silica fume is the same as in plain
concrete. As concrete begins to set and harden,
pozzolanic activity of silica fume becomes dominant
reaction. Silica fume reacts with free calcium hydroxide,
thus forming calcium silicate and hydrates of aluminium.
These compounds increase the strength and reduce
permeability, thickening the cement matrix.

Because of higher specific area and higher content
of silicon dioxide, silica fume is much more reactive than
fly ash or granulated slag. This increased reactivity
initially increases hydration rate of C3S cement mineral,
but after two days the process becomes normal.
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3.3 Mileveni kre¢njak

Mleveni kreénjak (slika 3) viSe se koristi kao dodatak
cementu nego betonu. Evropska norma EN197 - 1
predvida dve klase Portland cementa s kre¢njakom cije
su oznake CEM IIA-L (ili L-L umesto A-L) i CEM II/B-L
(ili L-L umesto B-L). Prvi sadrzi izmedu 6 i 20%
kreénjaka, a drugi 21-35%.

Lo 5

L AN ‘

3.3 Lime

Lime (Figure 3) is more widely used as a cement
additive than a concrete additive. European norm EN197
- 1 provides two classes of Portland cement with lime
whose labels are CEM II/L (or L-L instead of A-L) and
CEM II/BL (or L-L instead of B-L). The former contains
between 6 and 20% of lime and the latter 21- 35%.

Slika 3. Mieveni kre¢njak (SEM slika)
Figure 3. Lime (SEM picture)

Zahtevi koje kreénjak za cement treba da ispuni jesu
slededi: sadrzaj CaCOs; mora da bude veéi od 75%,
sadrZaj gline odreden metilenskim plavim testom ne sme
da prede 1.20g /100 g, ukupni sadrzaj organskog
uglienika ne sme da prede 0.20% za LL kreénjak i 0.50%
za L krecnjak.

Prisustvo kreénjaka izaziva ubrzanje hidratacionog
procesa i hidratacionog skupljanja betona ve¢ u prvih
nekoliko sati, zbog toga Sto Cestice kre¢njaka sluze kao
dodatna jezgra za hidrataciju.

4 RECIKLIRANI AGREGAT

Kao odrzivo reSenje za probleme gradevinskog
otpada i iscrpljivanje nalazi$ta prirodnih agregata,
nametnuo se postupak recikliranja deponovanih
gradevinskih materijala, u prvom redu betona.
Recikliranje i ouvanje prirodnih resursa bezrezervno su
prihvaceni od strane gradevinske industrije, ali pozitivni
efekti takvog pristupa donekle su ograniéeni, zato $to
nisu obezbedeni svi uslovi za primenu. To se
prvenstveno odnosi na nedostatak: prostora i opreme za
sortiranje gradevinskog $uta, iskustva u postupcima
recikliranja otpadnih materijala, obucenih radnika i
kontrolora, znanja o trZistu sekundarnih materijala,
zakonske regulative u oblasti zastite Zivotne sredine, i
tako dalje [7].

Upotreba recikliranog agregata u konstrukcijama jo$
je relativno nova prita. Njen podetak Bak (Buck, 1977)
smedta u period neposredno nakon Drugog svetskog
rata, kada je postojala ogromna potreba da se grade
novi objekti i infrastruktura i istovremeno rasciséavaju
postojece ru$evine. Nakon toga, reciklirani agregat
prestaje da se upotrebljava, da bi tokom sedamdesetih
godina, Sjedinjene DrZave pocele ponovo da koriste
reciklirani agregat u nekonstrukcijske svrhe, mahom kao
materijal za ispunu i razliCita nasipanja u putarstvu [8].
Zbog razloga koji su napred navedeni, ispitivanje

Regquirements that lime for cement should meet are
the following: CaCO3 content should be greater than
75%, clay content, determined by methylene blue test,
must not exceed 1.20g/100g, the total content of organic
carbon must not exceed 0.20% for LL lime and 0.50%
for L lime.

The presence of lime causes the acceleration of the
hydration process and hydration shrinkage of concrete in
the first few hours, because the particles of lime are
used as additional cores for hydration.

4 RECYCLED AGGREGATE

As a sustainable solution to the problems of
construction waste and the depletion of natural
aggregates sites, the recycling process of deposited
building materials, primarily concrete, has been
imposed. Recycling and preservation of natural
resources are unreservedly accepted by the construction
industry but positive effects of this approach are
somewhat limited, since the conditions for their
application are still concealed. This is primarily related to
the lack of space equipment for sorting construction
rubble, lack of experience in the procedures of recycling
waste materials, shortage of skilled workers and
supervisors, lack of knowledge of the secondary
materials market, of legislation in the field of
environmental protection, etc [7].

The use of recycled aggregates in structures is still
relatively new. Buck (1977) defines its beginning in the
period immediately after the Second World War, when
there was a tremendous need for building new facilities
and infrastructure and at the same time, clearing the
existing ruins. After that, the use of recycled aggregates
stopped but during 70s the US started to re-use recycled
aggregates in non-construction purposes, mainly as fill
material and different fillings in road engineering [8]. Due
to the above mentioned reasons, testing of recycled
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recikliranog agregata (ne samo betonskog) i njegova
primena danas su aktuelniji no ikad, jer je potreba za
agregatom na svetskom nivou dostigla 26.8 milijardi tona
godisnje [15]. Primera radi, Sjedinjene Drzave godisnje
recikliraju oko 140 miliona tona betonskog otpada.
Prema podacima iz godiSnjeg izvestaja Evropske
asocijacije za agregat (2010), reciklirani agregat ¢ini 5%
ukupne proizvodnje agregata u Evropskoj uniji, gde je
Nemacka najvedi proizvoda¢ (60 miliona tona), a slede
Velika Britanija (49 miliona tona), Holandija (20 miliona
tona) i Francuska (17 miliona tona). U Australiji se oko
50% betonskog otpada reciklira, dok se u Japanu
impozantnih 98% betonskog otpada pretvara u reciklirani
agregat [5].

Procenjuje se da u Republici Srbiji godisnje nastaje
oko milion tona gradevinskog otpada i otpada od
ru$enja. Ovaj otpad zavriSava na deponijama
komunalnog otpada, a koristi se i kao inertan materijal

za prekrivanje otpada na deponiji. Reciklaza
gradevinskog otpada praktiéno ne postoji [12].
Tehnolo$ki  postupak proizvodnje  recikliranog

agregata podrazumeva drobljenje komada starog betona
na zrna odredene veli¢ine i njihovo prosejavanje, ¢emu
prethodi  odvajanje metalnih delova magnetnim
separatorom i ru¢no ili masinsko uklanjanje stranih
materija. Zrno recikliranog agregata dobijeno ovakvim
postupkom recikliranja sastoji se od zrna (ili dela zrna)
prirodnog agregata i cementnog maltera originalnog
betona, koji ga delimiéno ili potpuno obavija. Prisustvo
starog cementnog maltera, koji je manje zapreminske
mase i veée poroznosti od zrna prirodnog agregata,
znacajno uti¢e na niz fizitko-mehanitkih svojstava, kako
recikliranog agregata, tako i betona na bazi recikliranog
agregata, odnosno uslovljava loSija” svojstva
recikliranog u odnosu na prirodni agregat. Zbog toga su
se u svetu u poslednjih nekoliko godina razvila
istrazivanja u smislu upapredivanja tehnologije
recikliranja i dobijanja recikliranog agregata koji bi po
svojstvima, odnosno kvalitetu, bio prakti¢no identi€an
prirodnom agregatu. Radi uklanjanja cementnog kamena
sa zrna agregata razvieno je nekoliko naprednih
tehnologija recikliranja, pre svega u Japanu. Jedna od
tih tehnologija jeste takozvana ,metoda zagrevanja i
struganja”. Na ovaj nadin, dobija se 35% do 45% Ccistog
krupnog agregata, 30% do 35% cistog sitnog i 18% do
35% finog praha od cementnog maltera u zavisnosti od
temperature zagrevanja (300-700°C).

Druga tehnologija je hemijski tretman klasi¢no
proizvedenog recikliranog agregata.  Prethodnim
potapanjem recikliranog agregata u blage rastvore
hlorovodoniéne, sumporne ili fosforne kiseline mogude je
odstraniti deo cementnog maltera i pobolj$ati svojstva
agregata, bez znacajnijeg povecanja sadrzaja hlorida i
sulfata u njemu. Pomenuta procedura sastoji se iz
potapanja recikliranog agregata u kiselu sredinu u
trajanju od 24h, pri temperaturi od oko 20°C, a zatim se
vrsi ispiranje destilovanom vodom kako bi se u najvecoj
mogucoj meri uklonile primenjene kiseline. Pre samog
spravljanja betona, agregat stoji u vodi 24 &asa. Da se
ne bi smanjio kvalitet agregata (pH vrednost),
koncentracija kiseline u rastvoru treba da bude oko 0.1
mol. Ovim postupkom moguce je smanjiti upijanje vode
kod recikliranog agregata za 7-12% [9,6]. Sve navedene
napredne tehnologije recikliranja, odnosno pobolj$anja
kvaliteta, iako omogudéavaju proizvodnju kvalitetnog

aggregates (not just concrete) and their application are
more relevant today than ever, because the need for
aggregates globally reached 26.8 billion tons per year
[15). For example, the US annually recycles about 149
million tons of concrete waste. According to the data
from the annual report of the European Association for
aggregates (2010}, recycled aggregates make 5% of the
total production of aggregates in the European Union,
where Germany is the largest producer, followed by
Great Britain (49 million tons), the Netherlands (20
million tons) and France (17 million tons). In Australia,
around 50% of the concrete waste is recycled, while in
Japan, the impressive 98% of concrete waste is turned
into recycled aggregate [5].

It is estimated that in the Republic of Serbia, about 1
million tons of construction waste and demolition waste
is annually produced. This waste ends up in landfills of
municipal waste, and is also used as inert material for
coverage of waste at landfills. Recycling construction
waste actually does not exist [12].

Technological process for the production of recycled
aggregates involves crushing pieces of old concrete to a
certain grain size and their sieving, which is preceded by
the separation of metal parts, using magnetic separator,
and manual or mechanical removal of foreign
substances. Grains of recycled aggregate, obtained by
this recycling process, consist of grains (or grain parts)
of natural aggregates and cement mortar of original
concrete which partially or completely wraps them. The
presence of old cement mortar, which is of less density
and higher porosity than grains of natural aggregates,
significantly affects a number of physical and mechanical
properties, of both recycled aggregate and concrete with
recycled aggregate, i.e. causes “ worse” properties of
recycled aggregate compared to natural aggregate.
Therefore, numerous researches have been carried out
worldwide with the aim of improving recycling techno-
logies and obtaining recycled aggregates that would be
practically identical to natural aggregate in their
properties or quality. In order to remove cement stone
from an aggregate grain, a number of advanced
recycling technologies have been developed, primarily in
Japan. One of these technologies is called “the method
of heating and abrasion”. Thus, they obtain 35% to 45%
of pure coarse aggregate, 30% to 35% of pure small
aggregate, and 18 % to 35% of fine powder of cement
mortar, depending on the heating temperature (300 -
700°C).

Other technology is chemical treatment of classically
produced recycled aggregate. By previous submerging
of recycled aggregate in a mild solution of hydrochloric,
phosphoric and sulphuric acid, it is possible to remove a
part of cement mortar and improve aggregate properties
without a significant increase of the content of chloride
and sulphate in it. The mentioned procedure consists of
immersing recycled aggregate in an acidic environment
for 24 hours at a temperature of about 20°C, and then
the applied acids are removed to the maximum extent
possible, by washing with distilled water. Before making
concrete, aggregate is left in water for 24 hours. In order
to sustain the quality of the aggregate (ph value), con-
centration of acid in solution should be about 0.1mol.
This method can reduce the absorption of water in
recycled aggregate for 7-12% [9,6]. All of these
advanced recycling technologies, although enable the
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recikliranog agregata potpuno ekvivalentnog prirodnom,
nemaju za sada Siru primenu, jer su znatno skuplje od
tradicionalnih  tehnologija. Metode s termi€kim
tretmanom agregata su i energetski zahtevnije, Sto
dovodi u pitanje korist od recikliranja i povoljan uticaj na
zastitu zivotne sredine [11].

5 SOPSTVENQ EKSPERIMENTALNO ISPITIVANJE
5.1 Sastav betonskih mesavina

Za potrebe eksperimentalnog defa rada napravijeno
je devet razlicitin trofrakcijskin betonskih meSavina.
Kori§¢eni su cement PC 42.5R (Holcim Popovac);
mineralni dodaci: mleveni kreénjak (proizvodac ,Jelen
Do”), elektrofilterski pepeo (iz Termoelekirane ,Nikola
Tesla” B u Obrenoveu), i silkatna prasina (proizved
Sikafume, proizvodada gradevinske hemije SIKA);
prirodni agregat (Luka ,Leget’ — Sremska Mitrovica),
reciklirani agregat dobijen drobljenjem srusenog
potpornog zida u kamenolomu Ostrovica kod Nisa.
Etaloni su spravljeni sa svakim od dodataka i prirodnim
agregatom; kod mes$avina K50, P50 i S50, frakcija 8/16
mm zamenjena je recikliranim agregatom, a kod
mesavina K100, P100 i S100, obe krupne frakcije (4/8 i
8/16 mm) zamenjene su recikliranim. U svim
medavinama koris¢en je superplastifikator ViscoCrete
5380 (proizvodac¢ SIKA), ¢ije je doziranje izvréeno prema
preporuci proizvodaca. Kriterijum pri  projektovanju
mesavina bio je postizanje iste konzistencije betona, tj.
slump - flow klase SF2, koja obuhvata uobitajenu
primenu betona i podrazumeva rasprostiranje od 66 do
75 cm. Prilikom spravljanja betonskih me$avina, najpre
je agregat mesan s polovinom potrebne vode u trajanju
od oko 30 sekundi, a zatim su dodavane ostale
komponente. Kada je kori§¢en reciklirani agregat,
dodata je koli¢ina vode koju agregat upije za 30 minuta
(It frakcija 2.22%, Il frakcija 1.5%), mada ovaj princip
nije mogao dosledno da se primeni.

Na sveZem betonu wuradena su ispitivanja:
zapreminske mase, fluidnosti - slump flow test prema EN
12350-8, viskoznosti - Tspo test prema EN 12350-8,
sposobnosti prolaza izmedu amature - L box testprema
EN 12350-10, otpornosti na segregaciju - sieve
segregation test prema EN 12350-11.

Na odvrsiom betonu wuradena su ispitivanja:
zapreminske mase, ¢vrstoce pri pritisku, ¢vrstoce pri
zatezanju savijanjem, skupljanja, vodonepropustijivosti,
upijanja vode i SEM analize (skeniraju¢a elektronska
mikroskopija).

Sastav betonskih mes§avina prikazan je u tabeli 1

production of high-quality recycled aggregates, fully
equivalent to natural aggregates, have no wider appli-
cation because they are significantly more expensive
than traditional technologies. Methods of thermal treat-
ment of aggregates are also more energy-demanding,
which brings into question the benefits of recycling and
its favourable impact on environmental protection.

5 MY OWN EXPERIMENTAL RESEARCH
5.1 Composition of Concrete Mixes

For the purposes of the experimental work, nine
three-fraction concrete mixes have been made. Cement
PC 42.5R (Holcim Popovac) has been used as well as
mineral additives: lime (manufacturer “Jelen Do”), fly ash
(from the power plant “Nikola Tesla B” in Obrenovac),
and silica fume (product of Sikafume , a manufacturer of
building chemicals SIKA); natural aggregate (Luka
“Leget’, Sremska Mitrovica), recycled aggregate
obtained by crushing demolished retaining wall in the
quarry Ostrovica, near Nis. Control concrete was made
with each of the additives and a natural aggregate; in
mixes K50, P50 and S50, fraction 8/16mm was replaced
by the recycled aggregate, and in mixes K100, P100
and S100, both coarse fractions (4/8 and 8/16) were
replaced by recycled fractions. In all the mixes,
superplasticizer ViscoCrete 5380 (manufacturer SIKA)
has been used, which was dosed according to the
manufacturer. The criterion in the designing mixes was
to achieve the same consistency of concrete, i.e. slump-
flow class SF2, which includes the usual uses of
concrete and involves spreading from 66 to 75cm. While
making concrete mixes, the aggregate was first mixed
with half of the required water for a period of about 30
seconds, and then other components were added. When
used recycled aggregate, the amount of water which
was absorbed by the aggregate in 30 minutes (ll fraction
2.22%, W fraction 1.5%) was added, although this
principle could not be consistently applied.

The fresh concrete tests were done for density,
fluidity - slump flow test according to EN 12350-8,
viscosity - Tsoo test according to EN 12350-8, the ability
of the passage between the reinforcement = L box test
according to EN 12350-10, segregation resistance -
Sieve segregation test according to EN 12350-11.

The hardened concrete tests were done for density,
compressive strength, tensile strength by bending,
shrinkage, water impermeability, water absorption, and
SEM analysis (Scanning Electron Microscopy).

Composition of concrete mixes is shown in Table 1.
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Tabela 1. Sastav betonskih me$avina
Table 1. Concrete mixes

cement | ml.kreénjak | el.pepeo | sil.prasina voda
(cement) (limegj iy 2ty | (Silioa fume) amg | gemm | 818N | (water) V(icfr’sgo
(kg/m®) | (kaim®) | (kgim®) | (kgim® | "M | koim) | (kahm) | g | (k9
EK 400 120 0 0 770.86 306.28 532 170.8 494
EP 400 0 120 0 770.86 306.28 532 192.66 4.94
ES 400 0 0 52 770.86 306.28 532 185.71 4.94
K50 400 120 0 0 809.14 306.28 | 505.43 | 182.86 5.08
P50 400 0 120 0 809.14 306.28 | 505.43 | 214.28 5.08
S50 400 0 0 52 809.14 306.28 505.43 197.14 5.08
K100 400 120 0 0 809.14 306.28 | 505.43 189.5 5.08
P100 400 0 120 0 809.14 306.28 | 505.43 221 5.08
S$100 400 0 0 52 809.14 306.28 | 505.43 208.6 5.08
5.2 Rezultati ispitivanja 5.2 Test Results
Rezultati ispitivanja sveZeg betona prikazani su u The test results for concrete in the fresh state are
tabeli 2. shown in Table 2.

Tabela 2. Rezultati ispitivanja sveZeg betona
Table 2. Test results for concrete in the fresh state

bet. mesavina zaprem. masa rasprostiranje T500 L - kutija test na situ, %
(concrete mix) (density) kg/m3 (Slump-flow) cm s (L-box) H1/H2 | (sieve segregation)
EK 2418 73 4 1 12.4
EP 2288 70 4 0.94 11
ES 2416 66 6 0.91 6.8
K50 2362 70 5 0.96 12
P50 2279 70 5 0.95 7.8
S50 2324 67 5 0.94 5.2
K100 2347 69 5 1 10
P100 2298 66 6 0.91 5.5
S100 2359 66 6 0.92 7.5
Rezultati ispitivanja zapreminske mase betona u The test results for density of concrete in the
o¢vrslom stanju, prema SRPS EN 12390 — 7 : 2010, hardened state, according to SPRS EN 12390 — 7:2010,
nakon dva, sedam i 28 dana, prikazani su u tabeli 3. after 2, 7 and 28 days are shown in Table 3.

Tabela 3. Rezultati ispitivanja zapreminske mase betona (kg/m’)
Table 3. Test results for density (kg/m’)

EK EP ES K50 P50 S50 K100 P100 $100

2 dana 2396 2262.4 2366.4 2356.5 | 2313.5 2313 2363.5 2284.2 2312

7 dana 2469.2 2289.7 2361.8 2370 23155 | 2315.8 | 23529 22925 2338.6

28 dana | 2426.7 2306.2 2376.3 2401.7 2314 2325 2357 2303.3 2333
Ispitivanje ¢&vrstoce pri pritisku obavljeno je na Testing compressive strength was carried out on the
kockama ivice 15 cm. Rezultati ispitivanja évrstoce pri cubes with edges of 15cm. The test results for
pritisku nakon dva, sedam i 28 dana, prikazani su na compressive strength after 2, 7 and 28 days are shown

grafiku 1. in Chart 1.
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Grafik 1. Cvrstoda pri pritisku
Chart 1. Compressive strength
Ispitivanje  ¢vrstoée na zatezanje savijanjem Testing tensile strength by bending was done after

obavljeno je nakon 28 dana na uzorcima dimenzija
12x12x36 cm. Rezultati su prikazani na grafiku 2.

28 days on the samples of dimensions 12x12x36cm.
The results are shown on Chart 2.

CVRSTOCA PRI ZATEZANJU SAVIJANJEM

10

Vrednost évrstoce (MPa)

EP ES K50 PS0 S50

® 28 dana.

K100 P100  S100

Betonska mesavina

Grafik 2. Cvrsto¢a pri zatezanju savijanjem
Chart 2. Tensile strength by bending

Ispitivanje skupljanja izvrSeno je na uzorcima
dimenzija 12x12x36 cm, u svemu prema SRPS
U.M1.029. Nakon 72 h od zavr$etka izrade, uzorci se
vade iz vode i izlazu kondicioniranim termohigrome-
trijskim uslovima. lzabrano je da to budu 70 £ 5 %
vlaznost vazduha i konstantna temperatura od 20 + 4 °C,
Sto je standardom propisano za konstrukcije i elemente
koji ¢e biti u slobodnom prostoru. Prvo merenje se vrsi
nakon 72 + 0.5 h nakon zavrSetka izrade uzoraka, a
zatim posle Cetiri i sedam dana. Nakon ovoga, dalja

Shrinkage test was done on the samples of
dimensions 12x12x36¢m, all in accordance with SRPS
UM1.029. 72 hours after the samples are made they are
taken out from the water and exposed to thermo
hygrometric conditions. We chose it to be 70 £+ 5 % air
humidity and a constant temperature of 20+ 4 °C, which
is the standard prescribed for structures and elements
located in free space. First measurement was done 72t
0.5 h hours after the samples were made, and then after
4 and 7 days. After this, further measurements were
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merenja rade se nakon svakih narednih sedam dana,
dok se proces ne stabilizuje. Rezultati ispitivanja
skupljanja betona nakon cetiri, sedam, 14, 21, 28 i 35
dana prikazani su na grafiku 3.

done after every seven days, until the process stabilized.
The results of shrinkage tests after 4, 7, 14, 21, 28, and
35 days, are shown in Chart 3.
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Grafik 3. Skupljanje betona
Chart 3. Shrinkage

Ispitivanje upijanja vode uradeno je na uzorcima
dimenzija 12x12x36 cm, metodom postupnog potapanja.
Rezultati ispitivanja upijanja vode nakon 28 dana
prikazani su na grafiku 4.

Water absorption test was done on the samples of
dimensions 12x12x36cm, by the method of gradual
immersion. The test results for water absorption after 28
days are shown in Chart 4.
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Grafik 4. Upijanje vode
Chart 4. Water absorption

Ispitivanje vodonepropustljivosti radeno je na uzor-
cima dimenzija 200x200x150 mm, pri starosti betona od
28 dana, u svemu prema SRPS U.M1.015:1998. Uzorci
su 24 Casa izloZeni dejstvu vode pod pritiskom od 1
bara, sledecih 48 Casova pritisku od 3 bara, i na kraju
poslednja 24 ¢asa ispitivanja, pritisku od 7 bara. Nakon
ovoga se polome i meri se dubina prodora vode. Kod
uzoraka s kre¢njakom i silikatnom prasinom, zabelezen
je prodor vode od oko 2 cm, dok je kod uzoraka s
pepelom prodor vode iznosio 8-10 cm.

Water permeability testing was done on the
samples of dimensions 200x200x150mm, in concrete at
an age of 28 days, all in accordance with SRPS
U.M1.015:1998. The samples were exposed to water
under pressure of 1 bar for 24 hours; then the following
48 hours of 3 bars and finally, the last 24 hours of
testing, under pressure of 7 bars. After this, they were
broken and the depth of water ingress is measured. With
the samples with lime and silica fume, ingress of water
of about 2¢cm was recorded, while with the samples with
fly ash, ingress of water was 8-10 cm.

12
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Slika 4. Ispitivanje vodonepropustljivosti
Figure 4. Waterpermeability testing

Skeniraju¢a elektronska mikroskopija (SEM analiza) Scanning electron microscopy (SEM analysis)
omogucava da se ,zaviri" u strukturu spravljenih betona i enables to “look into” the structure of concrete made and
bolje objasne rezultati koji su dobijeni ispitivanjima (slike to better explain the results obtained by testing (Figures
57). 5-7).

&m0

Slika 5. Mikrostruktura betona s mievenim krecnjakom
Figure 5. Microstructure of the concrefe with lime
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Slika 6. Mikrostruktura befona sa elektrofilterskim pepelom
Figure 6. Microstructure of the concrete with fly ash
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Slika 7. Mikrostruktura betona sa silikatnom prasinom
Figure 7. Microstructure of the concrete with silica fume

6 ANALIZA REZULTATA

Rasprostiranje svezeg betona iznosilo je od 66 do 73
cm, $to sve projektovane mesavine svrstava u klasu
SF2, koja odgovara najceS¢oj primeni betona u
gradevinarstvu.  Najmanju  pokretljivost imale su
betonske mes$avine sa silikatnom prasinom, kao i
mesavine s recikliranim agregatom, jer je ostroiviéno
zrno ovog agregata teZe ,pomeriti” prilkom razlivanja
betona. Najvece rasprostiranje izmereno je kod etalona
s kre¢njakom - 73 cm, a najmanje kod etalona sa
silikatnom prasinom, mes$avine sa silikatnom prasinom i
krupnim recikliranim agregatom i mesavine s pepelom i
krupnim recikliranim agregatom - 66 cm.

Tsoo je vreme za koje beton dostigne 500 mm, a meri
se prilikom izvodenja slump-flow testa. Predstavija
proveru viskoznosti mesavine; za klasu SF2 preporucuje
se interval od 3.5 do 6.0 s, u koji se sve mesavine
.uklapaju”. Rezultati su u opsegu od 4 do 6 s, pri ¢emu
su najsporije bile betonske meSavine sa silikkatnom
prasinom. Vreme duZze od 2 s svrstava ih u klasu
viskoznosti VS2,

Sve meSavine zadovoljavaju kriterijum da odnos
visina betona na krajevima L-boxa bude najmanje 0.8, a
kako je ispitivanje radeno s tri armaturne Sipke (Sto je i
zahtev za gusce armirane konstrukcije), njihova klasa je
PA2 (engl. passing ability = sposobnost prolaza).
Rezultati testa kreéu se u opsegu 0.91 - 1.0, pri éemu
su najbolje rezultate (najblize 1.0) postigle meSavine s
kre¢njakom. Najveéa razlika na krajevima L box-a
izmerena je kod mes$avina sa silikatnom prasinom, $to je
i logi¢na posledica njihovog najmanjeg rasprostiranja. Ni
u jednom sluéaju nije zabelezeno zaglavijivanje zrna
agregata izmedu Sipki armature.

Test na situ pokazao je da su sve me$avine otporne
na segregaciju i pripadaju klasi SR2 (<15%), pri demu
vece rasprostiranje znaci manju otpornost na segregaciju.

Najvecu zapreminsku masu u sveZem stanju imao je
etalon s kreénjakom 2418 kg/ma, gotovo istu kao i etalon
sa silikatnom prasinom (2416 kg/ms, 1. za 0.08% manju),
dok je najmanja zapreminska masa odredena kod
mesavine P50 (pepeo i reciklirana Il frakcija) 2279
kg/m® za 5.7% manja. Uopste, mesavine s pepelom
imale su najmanje zapreminske mase, oko 70 kg/m®

6 THE RESULTS ANALYSIS

Fresh concrete was spread from 66 to 73cm which
designed mixes of class SF2 which fits in most common
use of concrete in construction. Mixes with silica fume
had the slightest mobility, as well as mixes with recycled
aggregate, because grains with sharp edges were more
difficult to” move” while levelling concrete. The largest
spreading was recorded in control concrete with lime -
73cm, and the smallest in control concrete with silica
fume, in mixes with silica fume and coarse recycled
aggregate, and in mixes with fly ash and coarse recycled
aggregate - 66.

Tsoo is the time that concrete reaches 500mm, and it
is measured when doing slump-flow test. It represents a
check of viscosity of the mix; the recommended interval
for class SF2 is from 3.5 to 6.0s, and all mixes “fit” into it.
The results are in the range of 4 — 6s, wherein concrete
mixes with silica fume were the slowest. Time longer
than 2s puts them in viscosity class VS2.

All mixes meet the criterion that height ratio of
concrete at the ends of L-box is at least 0.8 and their
class is PA2 as the testing was done with three
reinforcement rods which is a requirement for thicker
reinforced construction. The test scores are in the range
of 0.91 — 1.0, wherein mixes with lime achieved the best
results (nearest to 1.0). The biggest difference at the
ends of L box was measured in mixes with silica fume,
which is a logical consequence of its minimum
spreading. Blocking of aggregate grains between
reinforcement rods was not recorded in any case.

Sieve test shows that all mixes are resistant to
segregation and they belong to class SR2 (<15%), while
larger spreading means lower resistance to segregation.

Control concrete with lime had the highest density in
the fresh state, 2418 kg/m®, nearly the same as the
control concrete with silica fume (2416 kg/m®, i.e. 0.08
lower), while minimum density was found in the mix P50
(fly ash and recycled Wl fraction) 2279 kg/m®, 5.7%
lower. Generally speaking, mixes with fly ash had the
lowest density, about 70 kg/m3 lower, compared to the
corresponding mixes with lime and silica fume.

While designing concrete mixes, in order to obtain
the same consistency because of the use of recycled
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manje u odnosu na odgovarajuée mesavine s
kre¢njakom i silikatnom praginom.

Prilikom projektovanja sastava betonskih mesavina,
a da bi se postigla ista konzistencija, zbog primene
recikliranog agregata bilo je neophodno intervenisati u
dva pravca: povecati koli€¢inu vode i smanijiti koliCinu Il
frakcije za 5%, istovremeno povedavajuéi koli¢inu peska
za 5%. Bez ovih intervencija u sastavu, nije bilo moguce
posti¢i samougradljivost mesavine, zbog ostroivicnog
oblika zrna reciklranog agregata i samog granulo-
metrijskog sastava (reciklirani agregat je imao 7%
nadmerenih zrna). Najveéa promena vodocementnog
faktora bila je kod betonskih mesavina sa elektro-
filterskim pepelom, pri istoj koli¢ini mineralnog dodatka (i
svim ostalim komponentama), u etalon s pepelom je
dodato 21.86 kg (12.8%) vode u odnosu na etalon s
kreénjakom; u me$avinu sa Il recikliranom frakecijom
31.42 kg (17.2%) u odnosu na odgovaraju¢u me$avinu s
kre€njakom, a u mesavinu s recikliranom |l i lfl frakcijom
31.56 kg (16.6%). Silikatna prasina ima mnogo sitnije
cestice od kre¢njaka i pepela, tako da je njeno doziranje
bilo 52 kglm3 betona, tj. 13% mase cementa (uobicajena
dozaza je 10-15%). U etalon sa silikatnom prasinom
dodato je 14.91 kg (8.7%) vode u odnosu na etalon s
kre¢njakom, i po 14.28 kg (7.8%) i 19.1 kg (10.1%) u
odnosu na mes$avine s kre¢njakom i recikliranim
agregatom. Zahtevana klasa konzistencije postignuta je
pri najmanjem vodocementnom faktoru kod mesavina s
kre¢njakom, dok je najvise vode bilo potrebno kod
mesavina s pepelom. Najmanji vodocementni faktor
zabeleZen je kod etalona s kreénjakom — 0.43 (ujedno i
najmanji vodopraskasti faktor — 0.33), a najveéi kod
mesSavine s pepelom i obe krupne reciklirane frakcije -
0.55. Najveci vodopraskasti faktor imala je mesavina sa
silikatnom prasinom i obe krupne reciklirane frakcije —
0.46. Treba napomenuti da su betonske meSavine s
kre¢njakom pri najmanjem sadrzaju vode u odnosu na
ostale mesavine imale najvece pre€nike rasprostiranja i
najbolja svojstva samougradljivosti.

Najvecu zapreminsku masu u o¢vrslom stanju nakon
dva dana imala je betonska meSavina etalon s
kreéryakom a najmanju etalon s pepelom (razlika 133.6
kg/m” tj. 5.6%). Ovaj trend se odrzao i nakon sedam
dana s tim sto je razlika iznosila 179.56 kg/m (7.3%).
Nakon 28 dana, etalon s kre¢n gakom imao je najveéu
zapreminsku masu, 2426.7 kg/m za 123.4 kg/m (5.1%)
vec¢u od mesavine s pepelom i obe krupne reciklirane
frakcije, i za 120.5 kg/m® (5%) vecu od etalona s
pepelom. Zapreminska masa u odvrslom stanju kod
meéavma sa silikatnom prasinom kretala se od 2312
kg/m (S100, dva dana) do 2366.4 kg/m (ES, 28 danaj;
to su vrednosti ,izmedu” odgovarajuc¢ih kod kre¢njaka i
pepela. Treba imati u vidu da je za spravljanje betonskih
mesSavina koris¢eno 52 kg silikatne prasine i po 120 kg
mievenog krecnjaka i pepela.

Najvecu vrednost &vrsto¢e pri pritisku, nakon dva
dana imao je etalon s kre¢njakom, a najmanju mesavina
s pepelom i obe krupne reciklirane frakcije — P100.
Razlika je iznosila 19.8 MPa (43%). Nakon sedam dana,
etaloni s kre¢njakom i silikatnom prasinom imali su
gotovo iste ¢vrsto¢e (58 MPa), dok je mesavina P100
dostigla 40.18 MPa (razlika 17.82 MPa, tj. 30.7%).
Nakon 28 dana, najvecu vrednost ¢vrstoc¢e dostigao je
etalon sa silikatnom prasinom, 72.31 MPa, a najmanju
mesavina P100, 47.2 MPa (razlka 25.11 MPa, f{j.

aggregate, it was necessary to intervene in two
directions: to increase the amount of water and to
reduce the amount of lll fraction by 5%, simultaneously
increasing the amount of sand by 5%. Without these
interventions in the composition, it was impossible to
achieve self-compacting of mixes because of the sharp-
edged grain shape of recycled aggregates and
granulometric composition itself (recycled aggregate had
7% of oversized grains). The greatest change of the
water- cement ratio was found in concrete mixes with fly
ash; at the same amount of mineral additive (and all
other components), 21.86 kg (12.8%) of water was
added into the control concrete with fly ash compared to
the control concrete with lime; in the mix with I recycled
fraction 31.42 kg (17.2%) compared to the appropriate
mix with lime and in the mix with | and Ill fraction 31.5 kg
(16.6%). Silica fume has much smaller particles than
lime and fly ash, so that its dosage was 52 kg/m3 of
concrete, i.e. 13% by the mass of cement (the usual
dosage is 10 — 15%). We added 14.91 kg (8.7%) of
water into the control concrete with silica fume compared
to the control concrete with lime and 14.28 kg (7.8%)
and 19.1 kg (10.11%) compared to mixes with lime and
recycled aggregate. The required class of consistency
was obtained at the lowest water-cement ratio in mixes
with lime, while the highest amount of water was needed
in mixes with fly ash. The lowest water-cement ratio was
recorded in the control concrete with lime — 0.43 (at the
same time the lowest water-cement ratio - 0.33), and the
highest in mixes with fly ash and both two coarse
recycled fractions — 0.46. It is necessary to point out that
concrete mixes with lime, at the lowest content of water
compared to other mixes, had the largest diameters of
spreading and the best properties of self-compacting.

The highest density in the hardened state after two
days was recorded in the control concrete with lime, and
the lowest in the control concrete with fly ash (the
difference 133.6 kg/m i.e.5.6%). This trend was held
even after 7 days exceptmg that the difference
amounted 179.5 kg/m® (7.3%). After 28 days, control
concrete with Ilme had the highest densny 2426.7
kg/m®, 123.4 kg/m® (5.1%) higher than the mix with fly
ash and both two coarse recycled fractions, and 120.5
kg/m® (5%) higher than control concrete with fly ash.
Density in the hardened state in mixes with silica fume
ranged from 2312 kg/m (S100, 2days) to 2366.4 kg/m®
(ES, 28days); those are the values “between” the
corresponding values in lime and fly ash. It should be
borne in mind that, for making concrete mixes, we used
52 kg of silica fume and 120 kg of lime and120 kg of fly
ash.

The highest value of the compressive strength after 2
days was recorded in the control concrete with lime, and
the lowest in the mix with fly ash and both two coarse
recycled fractions — P100. The difference was 19.8 MPa
(43%). After 7 days, control concrete with lime and
control concrete with silica fume had nearly the same
compressive strength (58MPa), while the mix P100
reached 40.18 MPa (the difference 17.82 MPa,
i.6.30.7%). After 28 days, the highest value of strength
was found in the control concrete with silica fume, 72.31
MP, and the lowest in the mix P100, 47.2 MPa (the
difference 25.11 MPa, i.e. 34.7%). Considering mixes
with lime, it can be concluded that the differences in the
obtained strength, when using natural and recycled
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34.7%). Posmatrajuci mesavine s kre¢njakom, moZe se
zakljuciti da su razlike u dostignutoj évrstoéi pri upotrebi
prirodnog i recikliranog agregata relativno male, iznose
4.51 MPa (6.8%) i 6.38 MPa (9.6%) — poredenje etalona
s mesavinama kod kojih je zamenjena jedna, odnosno
obe krupne frakcije. Kod mesavina s pepelom razlika je
12.3 MPa (19.2%) i 16.8 MPa (26.2%). Veéa razlika u
évrstocama u okviru mesavina s pepelom moZe da se
objasni neujednadenim kvalitetom recikliranog agregata,
koji predstavlja glavni problem njegove primene. U grupi
mesavina sa silikatnom prasinom, razlka izmedu
etalona i druge dve mes8avine iznosila je 2.61 MPa
(3.6%) i 7.81 MPa (10.8%). Najbrzi prirastaj Gvrstoce
imale su medavine sa silikatnom prasinom. Kod svih
betonskih mesavina s recnim agregatom zabeleZen je
lom po cementnoj pasti, dok je kod mesavina s
recikliranim agregatom zabelezen lom po agregatu, bez
obzira na vrstu mineralnog dodatka.

Razlke u rezultatima <&vrstoée pri zatezanju
savijanjem nisu velike. Vrednosti ¢vrstoce pri zatezanju
u opsegu su od 7.97 MPa (P100) do 10.31 MPa (ES).
Razlika izmedu ovih vrednosti je 2.34 MPa (22.7%).

Dostupni podaci iz literature kao i li¢na prethodna
istraZivanja [2] pokazuju da je nezahvalno predvidati ili
nalaziti neku zakonitost kada je skupljanje betona u
pitanju. Obavljena merenja pokazuju da je najvece
skupljanje imala betonska mesavina sa silikatnom
prasinom i Il recikliranom frakcijom, S50, a najmanje
etalon s kre¢njakom EK, pri ¢emu je razlika 56%. Ne
moze se izvudi nikakva pravilnost u ovim rezultatima:
mesavine sa lll recikliranom frakcijom imale su vece
skupljanje od mes$avina sa Il i llI recikliranom frakcijom,
pri ¢emu su razlike kod kreénjaka i silikatne prasine bile
izraZenije nego kod betona s pepelom. Ako se
klasifikacija betona vrSi prema minerainom dodatku,
najvece skupljanje imale su mesavine sa silikathom
prasinom; ukoliko je kriterijum agregat, medu etalonima
najvece skupljanje imao je etalon s pepelom (29% vise
od etalona s kre¢njakom i 11.7% vise od etalona sa
silikatnom prasinom), medu mesavinama sa |l
recikliranom frakcijom S50 (4.8% vise od mesavina s
kreénjakom i 22.8 % viSe od mesavina s pepelom), a
medu mesavinama sa Il i Ill recikliranom frakcijom $100
(22.8% viSe od mesavina s kre¢njakom i 13.2% vige od
mesavina s pepelom).

Upijanje vode kreée se u opsegu 0.85% (mesavina
S§50) do 2.12% (mesavina EP). Najveée upijanje vode
imale su me$avine s pepelom, a najmanje mesavine sa
silikatnom prasinom, Sto je potpuno u skladu sa
ostvarenom strukturom betona, koja je, kako su SEM
analize pokazale, bila najporoznija kod betonskih
mesavina s pepelom. Proseéno upijanje vode kod
mesavina sa silikatnom prasinom iznosilo je 0.9%, kod
mesavina s mlevenim kre¢njakom 1% , a kod mesavina
s pepelom 2%.

Kod ispitivanja vodonepropustljivosti, prodor vode u
beton s kre¢njakom i silikatnom prasinom bio je veoma
mali, oko 2 cm, tako da su ove mesavine prakti¢no bile
nepropustliive, dok je kod medavina s pepelom
zabelezen vedi prodor vode, oko 10 cm, $to je posledica
povecane poroznosti ovih betona. Prema kriterijumu da
prodor vode ne sme biti veci od 4 cm [4] betoni s letedim
pepelom smatrali bi se propustljivim.

aggregate, are relatively small, 4.51 MPa (6.8%) and
6.38 MPa (9.6) — comparison of control concrete with
mixes in which one or both coarse fractions are
replaced. in mixes with fly ash, the difference is 12.3
MPa (19.2%) and 16.8 MPa (26.2%). Greater difference
in strength among mixes with fly ash can be explained
by the uneven quality of recycled aggregate, which
represents a major problem of their application. in the
group of mixes with silica fume, the difference between
the control concrete mix and other two mixes was 2.61
MPa (3.6%) and 7.81 MPa (10.8%). The fastest
increment of strength was found in mixes with silica
fume. In all concrete mixes with natural aggregate, a
failure was recorded through cement paste, while in
mixes with recycled aggregate, the failure was found
through aggregate, no matter which mineral additive
was used.

Differences in the results of tensile strength by
bending are not great. The values of strength by bending
are in the range of 7.97 MPa (P100) to 10.31 MPa (ES).
The difference between these values is 2.34 MPa (22.7).

Available data from the literature, like my own
previous researches [2] show that it is difficult to predict
or find regularities when shrinkage of concrete is in
question. The measurements done show that the largest
shrinkage was found in the concrete mix with silica fume
and Il recycled fraction, S50, and the smallest in the
control concrete with lime EK, wherein the difference is
56%. No regularities can be drawn from these results:
mixes with Nl recycled fraction had greater shrinkage
than mixes with 1l and Ill recycled fraction, wherein
differences in lime and silica fume were more
pronounced than in concrete with fly ash. If classification
of concrete is done according to the mineral additive, the
largest shrinkage was found in mixes with silica fume; if
the criterion is aggregate, the largest shrinkage among
control concrete mixes, was found in the control
concrete with fly ash (29% more than in the control
concrete with lime and 11.7% more than in the control
concrete with silica fume); among mixes with lll recycled
fraction S50 (4.8% more than in mixes with lime and
22.8% more than in mixes with fly ash), and among
mixes with Il and lll recycled fraction S100 (22.8% more
than in mixes with lime and 13.2% more than in mixes
with fly ash).

Water absorption is in the range of 0.85% (mix S50)
to 2.12% (mix EP). The highest water absorption was
recorded in the mixes with fly ash, and the lowest in the
mixes with silica fume, which is absolutely in accordance
with the achieved concrete structure, which was,
according to SEM analyses, the most porous in concrete
mixes with fly ash. Average water absorption in mixes
with silica fume was 0.9%, in mixes with lime 1%, and in
mixes with fly ash 2%.

When testing water impermeability, the ingress of
water into the concrete with lime and silica fume, was
very small, about 2cm, so as these mixes were
practically impermeable, while in the mixes with fly ash,
larger ingress of water was noted, about 10cm, which is
the consequence of the increasing porosity of these
concretes and, according to the criterion, that
penetration of water must not be larger than 4cm [4],
concretes with fly ash can be considered permeable.
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7 ZAKLJUGCI

Na osobine svezeg samougradujuéeg betona utiCu i
vrsta mineralnog dodatka i vrsta primenjenog agregata.
Najbolja  svojstva  samougradljivosti  postiZu  se
upotrebom mlevenog kreénjaka. Ovi betoni su imali
najbolju fluidnost, viskoznost, nakon prolaska kroz
armaturu bili su potpuno horizontalni, ali se zbog
najvedeg rasprostiranja kod njih javila najmanja
otpornost na segregaciju. MeSavine s pepelom imale su
najbolji odnos preé¢nika rasprostiranja (fluidnosti) i
otpornosti na segregaciju. Zbog toga $to su veoma sitne
(oko 100 puta sitnije od zrna cementa ili pepela) s jako
velikom povrsinom zrna (1500020000 m?/kg), cestice
silikatne prasine znacajno povecavaju koheziju betona i
nepovolino utitu na samougradijivost svezeg betona.
MesSavine sa silikatnom prasinom bile su te$ko pokretne,
imale najmanje preénike rasprostiranja, ali i najvecu
otpornost na segregaciju. Primena recikliranog agregata,
zbog oStroivitnog oblika zrna koji povecava trenje,
takode nepovoljno utiCe na svojstva samougradijivosti
betona, te je bilo neophodno intervenisati u smislu
smanjenja lll odnosno poveéanja | frakcije za 5%, kako
bi se postigla Zeljena konzistencija.

Uticaj silikatne prasine na ¢&vrsto¢u betona pri
pritisku: silikatna prasina je pucolan i za njeno aktiviranje
neophodno je prisustvo kalcijum-hidroksida. On nastaje
u procesu hidratacije cementa tako da silikatna prasina
moZe da se aktivira tek kada cement poéne da reaguje.
Kako beton potinje da vezuje i otvr§éava, pucolanska
aktivnost silikatne prasine postaje dominantna reakcija.
Zbog vecle specifitne povrsine i viseg sadrzaja silicijum-
dioksida, silikatna prasina je mnogo reaktivnija od
lete¢eg pepela. Ova pojacana reaktivnost prvobitno ée
znatno pojadati brzinu hidratacije C3S frakcije cementa,
ali se nakon dva dana proces normalizuje. Kako silikatna
praSina reaguje i stvara hidrate kalcijum-silikata, $upljine
i pore u betonu se popunjavaju, pri Gemu nastali kristali
povezuju prostor izmedu cCestica cementa i zma
agregata. Ako se ovom efekiu doda i samo fizicko
prisustvo silikatne prasine u mesavini, jasno je da ¢e
betonska matrica biti veoma homogena i gusta, a
rezultat ¢e biti poboljana ¢vrstoéa i nepropusnost, sto
se i jasno vidi na SEM slikama. Pored ovoga, zbog svoje
veligine, Cestice silikatne povrsine mogu da izazovu i
~mikrofiler” efekat, dodatno popunjavajucu tranzitnu zonu
u betonu.

Uticaj leteceg pepela na &vrstocu betona pri pritisku:
kada se lete¢i pepeo doda betonu, podinje pucolanska
reakcija izmedu silicijum-dioksida (SiO2) i kalcijum-
hidroksida (Ca(OH),) ili kre¢a, koji je nusprodukt
hidratacije Portland cementa. Slaba pucolanska reakcija
odvija se tokom prvih 24 sata na 20°C. Zbog toga se za
datu koli¢inu cementa, s poveéanjem sadrZaja leteceg
pepela postizu nize rane ¢&vrsto¢e. Prisustvo leteceg
pepela usporava reakciju alita u okviru Portland cementa
u ranom stadijumu. Medutim, produkcija alita kasnije se
ubrzava zahvaljuju¢i stvaranju jezgara hidratacije na
povrdini Cestica leteCeg pepela. Kalcijum- hidroksid
utiskuje se na povrsinu staklastih ¢estica, reagujuci sa
SiO; ili Al20s-SiO; resetkom. Sporiji prirastaj ¢vrstoce
betona s letecim pepelom onemoguéava njegovu
primenu tamo gde se o¢ekuju velike rane &vrstoce, $to
se moze reSiti primenom akceleratora. Dostupna
literatura zbog ovog razloga upuéuje na projektovanije i

7 CONCLUSIONS

Properties of self-compacting concrete are affected
both by a kind of mineral additive and a kind of the
applied aggregate. Best properties of self~compacting
are achieved by using lime. These concrete mixes had
the best fluidity and viscosity, after passing through
reinforcement they were absolutely horizontal, but
because of the largest spreading, they had minimum
segregation resistance. Mixes with fly ash had the best
ratio of diameter of spreading (fluidity) and segregation
resistance. Since they are very small (about 100 times
smaller than cement or ash grains), and have very large
area of grain (15 000 to 20 000 m</kg), particles of silica
fume significantly increase concrete cohesion and
adversely affect the fresh concrete self-compacting. Use
of recycled aggregates, due to a sharp-edged shape of
grains which increases adhesion, also adversely affects
the properties of self-compacting concrete, so it was
necessary to intervene in the sense of reducing Ill or
increasing | fraction by 5%, in order to achieve the
desired consistency.

Effect of silica fume on the compressive strength of
concrete: silica fume is pozzolan which is activated by
calcium hydroxide. Calcium hydroxide is formed in the
process of cement hydration so that silica fume can be
activated only when cement begins to react. As concrete
starts to bind and harden, pozzolanic activity of silica
fume becomes the dominant reaction. Due to the high
specific area and higher content of silicon dioxide, silica
fume is much more reactive than fly ash. This increased
reactivity will initially significantly intensify hydration rate
of C3S cement fraction, but after two days the process
becomes normal. As silica fume reacts and forms
calcium silicate hydrates, voids and pores in the
concrete are filled, wherein crystals formed connect the
space between cement particles and aggregate grains. If
this effect is added by the physical presence of silica
fume in the mix, it is clear that the concrete matrix will be
very homogenous and dense, resulting in improved
strength and impermeability, which is clearly seen in
SEM pictures. Besides, owing to their size, silica fume
particles can cause “micro filler” effect, additionally filling
transit zone of concrete.

Effect of fly ash on the compressive strength of
concrete: when fly ash is added to concrete, there is
pozzolanic reaction between the silicon dioxide (SiOs)
and calcium hydroxide (Ca(OH)z)} or lime, which is a by-
product of hydration of Portland cement. Weak
pozzolanic reaction occurs during the first 24 hours at a
temperature of 20°C. That is why, for a given amount of
cement, with increasing fly ash content, lower early
compressive strength is achieved. The presence of fly
ash slows the reaction of alite in Portland cement at an
early stage. Meanwhile, production of alite Ilater
accelerates thanks to the creation of cores of hydration
on the surface of fly ash particles. Calcium hydroxide is
pressed in the surface of the glassy particles, reacting
with SiO» or ALOs-SiO; grid. Slower early strengths of
concrete with fly ash prevent its application where high
early strength is expected, which can be solved by using
accelerator. Therefore, the available literature refers to
the design and monitoring of the 90 day compressive
strength of concrete. SEM analyses evidently show
extremely spongy, i.e. porous structure of the concrete

GRADEVINSKI MATERIJALI | KONSTRUKCIJE 58 (2015) 4 (3-20)

BUILDING MATERIALS AND STRUCTURES 58 (2015) 4 (3-20)

17



pracenje 90-dnevne évrstoce betona. SEM analize jasno
pokazuju izuzetno sunderastu, tj. poroznu strukturu
betona s leteéim pepelom bez obzira na wvrstu
primenjenog agregata.

Uticaj mlevenog kre¢njaka na ¢&vrstocu betona pri
pritisku: SEM analize ukazuju na postojanje cestica
krec¢njaka u betonu i nakon 28 dana, a s druge strane,
prirastaj dvodnevne ¢&vrstoée potvrduje da ove cestice
predstavljaju jezgro za hidrataciju C3S i C;S, te tako
ubrzavaju reakcije hidratacije, $to ide u prilog tezi da je
mleveni kre¢njak hemijski inertan.

Razlike u c&vrstoéi pri pritisku izmedu betona sa
silikatnom prasinom i kreénjakom ne prelaze 10% pri
istoj koli¢ini cementa, pri ¢emu je beton s kre¢njakom
imao bolje performanse u svezem stanju, §to treba imati
u vidu, posebno ako se ukljuci i ekonomski faktor.

Razlike u ¢&vrstoci pri pritisku izmedu betona s
pepelom i betona sa silikatnom prasinom kreéu se od
13% (kod etalona) do 37% kod betona s krupnim
recikliranim agregatom, pri éemu betoni s pepelom imaju
veéu ekolosku vrednost, jer reSavaju problem
deponovanja ogromnih kolic¢ina lete¢eg pepela.

Rezultati ispitivanja cvrstoée pri zatezanju savijanjem
ujednaceni su i pokazuju da vrsta minerainog dodatka i
agregata ne uti¢e na vrednost ove ¢vrstoce.

Skupljanje u cementnoj pasti poveéano je kada se
koristi silikatna prasina, o ¢emu treba posebno voditi
ra¢una, $to je u skladu s dostupnim literaturnim
podacima. Ne mozZe se utvrditi zakonitost skupljanja, niti
izvesti neki uopsten zakljutak, veé se skupljanje kod
svakog od ovih betona mora posebno i pazljivo
propratiti.

Najmanje upijanje vode zabelezeno je kod betonskih
mesavina sa silikatnom prasinom, a najvece kod betona
s pepelom. Ipak, ova razlika nije previse velika (oko 1%)
s obzirom na sunderastu gradu betona s pepelom, $to
se moZe objasniti manjim sadréajem otvorenih pora
veli¢éine 1-10 um, kroz koje je najbrzi transport vode, a
Sto je opet u vezi s pucolanskom aktivno$céu leteceg
pepela da uéestvuje u C-S-H formacijama i popunjava
pore.

Svi betoni su imali dobru vodonepropustljivost osim
mesavina s lete¢éim pepelom, Sto je u skladu sa
ostvarenom mikrostrukturom.

Velika eksploatacija prirodnog agregata ozbiljno je
ugrozila reéne ekosisteme, tako da je na nekim mestima
i zabranjena. Pored ovoga, sve vecéa udaljenost prirodnih
nalazista od mesta gradnje svakako utite na cenu
materijala. S druge strane, u urbanim sredinama postoje
znatne koli¢ine betonskog otpada koji nastaje prilikom
izgradnje ili rusenja starih objekata, te je izrazen problem
deponovanja ovakvog materijala. Razvijene, ekologki
svesne zemlje, mnogo polazu na recikliranje sirovina i za
odlaganje na deponije (koje oduzimaju korisno zemljiste)
napla¢uju nov&¢ane kazne. Droblienjem betonskog
otpada dobija se reciklirani agregat koji se moze ,vratiti’
u proizvodnju.

Glavni problem primene recikliranog agregata jeste
povecana poroznost koja je posledica postojanja
zaostale stare cementne paste na zrnima agregata.
Postojanje stare cementne paste osnovni je uzro¢nik
neujednacenosti kvaliteta agregata i dovodi do
smanjenja ¢vrstoce pri pritisku betona. Postoje postupci
[Ciscenja” agregata koji poskupljuju beton, ali treba imati
u vidu ekolosku korist njegove upotrebe.

with fly ash, no matter which aggregate is used.

The effect of lime on the compressive strength of
concrete: SEM analyses show the presence of lime
particles in concrete even after 28 days, and on the
other hand, two day increment of strength confirms that
these particles constitute the core for hydration C3S and
C.S, so that they accelerate the reactions of hydration,
which supports the thesis that lime is chemically inert.

Differences in compressive strength between
concrete with silica fume and concrete with lime do not
exceed 10% at the same quantities of cement, wherein
concrete with lime had better performances in the fresh
state, what should be borne in mind, particularly if the
economic factor is included.

Differences in compressive strength between
concrete with fly ash and concrete with silica fume are
from 13% (in control concrete) to 37% in concrete with
coarse recycled aggregate, wherein concrete mixes with
fly ash have greater ecological value, because they
solve the problem of depositing huge quantities of fly
ash.

The test results of tensile strength by bending are
uniform and show that type of mineral additive and
aggregate fails to affect the value of this strength.

Shrinkage in the cement paste is increased when
silica fume is used, which has to be taken into account,
and it is in accordance with the data available from the
literature. It is impossible to determine the legality of
shrinkage or draw a general conclusion about it, but
shrinkage of each of the concrete must be specifically
and carefully monitored.

The lowest water absorption was recorded in
concrete mixes with silica fume and the highest in mixes
with fly ash. However, this difference is not too great
(about 1%), due to the sponge-like composition of
concrete with ash, which can be explained by the lower
content of open pores of size 1 — 10 pm through which
water transport is the fastest, and which is again related
to the pozzolanic activity of fly ash to participate in C-S-
H formations and to fill pores.

All concrete mixes had good water impermeability
except mixes with fly ash, which is in accordance with
the achieved microstructure.

Great exploitation of natural aggregates has
seriously endangered river ecosystems, so that it is in
some places forbidden. Besides, long distances of
natural deposits from building sites surely affect the price
of materials. On the other hand, in urban areas, there
are significant amounts of concrete waste generated
during construction or demolition of old buildings, so
there is a problem of depositing such material.
Developed, ecologically conscious countries, invest a lot
in the recycling of raw materials and they charge
penalties for the waste disposal at landfills (that take
away useful land). When crushing concrete waste,
recycled aggregate is obtained and it can be “returned”
to production.

The main problem of using recycled aggregate is its
increased porosity, caused by the remained old cement
paste on aggregate grains. This is the main reason for
uneven quality of aggregates and it causes a decrease
in the compressive strength of concrete. There are
“cleaning” procedures that raise the price of concrete,
but the environmental benefits should be borne in mind.

While designing concrete mixes, it is of great use to
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Prilikom projektovanja betonskih megavina, veoma je
korisno poznavati poreklo recikliranog agregata - $to je
prvobitni beton bio kvalitetniji, to ¢e i novospravljeni imati
bolie karakteristike. PoZeljno je i da agregat bude
spravljen od betona iste marke, kako bi mu kvalitet bio
§to je moguce ujednaceniji.

Koli¢ina upotrebljenog recikliranog agregata ne utice
znacajnije na wvrednosti d&vrstoe pri  zatezanju
savijanjem.

Koli¢ina recikliranog agregata utie na upijanje vode
tako Sto s povecéanjem koliine recikliranog agregata
raste i procenat upijanja vode kao posledica vece
poroznosti.

Samougradujué¢i betoni s recikliranim agregatom
mogu biti vodonepropustljivi. Na ovu osobinu uticu
kapilarna poroznost starog cementnog kamena
zaostalog na agregatu, kao i kapilarna poroznost
cementnog kamena novog betona. Ukoliko je agregat
dobijen  drobljenjem  betona male  poroznosti,
vodonepropustliivost novog betona zavisi¢e od
ostvarene strukture novog cementnog kamena.

Primenom sva tri ispitivana mineralna dodatka mogu
se dobiti samougradujudi betoni visokih performansi. U
tome prednjadi silikatna prasina, ali ako se ima u vidu
ekonomska i ekoloska komponenta elektrofilterskog
pepela, kao i relativno mala razlka u dobijenim
rezultatima, pepeo neizostavno treba uzeti u obzir. Uz
to, upotreba reciklranog agregata (uz pojacana
ispitivanja) Cini da ovakvi betoni s pravom ponesu naziv
ekoloski. Nedovoljna istrazenost ovog podruéja otvara
dirok spektar mogucnosti za dalja ispitivanja u smislu
varijacije koli¢ine cementa, kombinovanja razli¢itih
dodataka i sli¢nog.
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know the origin of a recycled aggregate — the more
qualitative the original concrete was, the better
characteristics the newly made concrete have. It is
preferable that the aggregate is made of concrete of the
same brand so that its quality will be as uniform as
possible.

The values of tensile strength by bending are
insignificantly affected by the amount of the recycled
aggregate used.

The amount of recycled aggregate affects the
absorption of water in the sense that with increasing the
amounts of recycled aggregates, the percentage of
water absorption is also increased, as a consequence of
greater porosity.

Self-compacting concretes with recycled aggregates
can be water impermeable. This property can be af-
fected both by capillary porosity of the old cement stone
remained on the aggregate, and capillary porosity of the
cement stone of the new concrete. If the aggregate is
obtained by crushing concrete of low porosity, water
impermeability of the new concrete will depend on the
achieved structure of the new cement stone.

Using all three tested mineral additives, high
performance self-compacting concretes can be obtained.
Silica fume is ahead, but having in mind economic and
ecological component of fly ash, as well as relatively
small difference in the obtained resuits, fly ash should
necessarily be taken into account. Besides, the use of
recycled aggregates (with increased testing) makes
these concretes ecological rightly considered.
Insufficient research in this area opens up a wide range
of options for further testing, in terms of variations in the
amount of cement, combining different additives, etc.
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REZIME

SVOJSTVA SAMOUGRABUJUCEG BETONA
SPRAVLJENOG S RECIKLIRANIM AGREGATOM |
RAZLICITIM MINERALNIM DODACIMA

Iva DESPOTOVIC

Po svojoj tehnologiji, samougradujuéi beton nakon
uno$enja u oplatu ne zahteva vibriranje. Ugradivanje
ovog betona u svakom delu, ili u svakom uglu oplate,
ukljuéujuci i njene tesko pristupne delove, ostvaruje se
bez ikakvih spoljnih sila, osim sile gravitacije, tj. njegove
sopstvene tezine. Ovakva svojstva postizu se dodava-
njem betonu hemijskih dodataka superplastifikatora,
najéeSée u kombinaciji s novom vrstom aditiva za
modifikaciju viskoziteta i/ili primenom odredene koli¢ine
finog mineralnog dodatka - praha. Moguce je koristiti
razli¢ite mineralne dodatke, pri ¢emu upotreba onih koji
predstavljaju industrijski nusprodukt (poput leteéeg
pepela) ima visestruke ekoloske koristi.

Nedostatak prirodnog agregata u urbanim sredinama
i sve vecCe rastojanje izmedu nalazista kvalitetnog
prirodnog agregata i gradilista, prisilili su graditelie da
razmotre mogucnosti zamene prirodnog agregata
recikliranim materijalima (gradevinska keramika, zgura,
beton i tako dalje). S druge strane, u urbanim sredinama
Cesto se javlja velika koli¢ina betonskog otpada dije
uklanjanje i deponovanje predstavlja ekoloski problem.

Predmet ovog rada je analiza svojstava i tehnologije
samougraduju¢eg betona s razli¢itim mineralnim
dodacima (mlevenim kre¢njakom, lete¢éim pepelom i
silikatnom praginom), prirodnim i recikliranim agregatom,
pri ¢emu su pravljene mesavine bez recikliranog
agregata, s tre¢om recikliranom frakcijom i s drugom i
tre¢om recikliranom frakcijom.

Kljuéne reci: samougradujuéi beton, mieveni
kre¢njak, lete¢i pepeo, silikatna prasina, reciklirani
agregat, ekoloski aspekt
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SUMMARY

PROPERTIES OF SELF-COMPACTING CONCRETE
MADE OF RECYCLED AGGREGATES AND VARIOUS
MINERAL ADDITIVES

Iva DESPOTOVIC

By its technology, Self~Compacting Concrete does
not need compaction by vibration. Compaction of this
concrete, in every part, or in every comer of the
formwork, including its hardly available parts, is done
without any external forces except its own weight. These
properties are achieved by adding superplasticizers,
commonly with new Viscosity Modification Admixtures,
or/fand determined amount of powders. It is possible to
use different mineral additions, where the use of those
which are industrial by - products (like fly ash) has
multiple environmental benefits.

Lack of natural aggregate in urban areas and
increasing distance between deposits of high — quality
natural aggregate and building sites, forced building
contractors to analyze possibility of replacing of natural
aggregate with recycled materials (masonry, slag,
concrete, etc.). On the other hand, huge amount of old
concrete exists in urban areas and its removal and
deposition is a big ecological problem.

Aim of this paper is analysis of properties and
technology of Self-Compacting Concrete with different
mineral additions (lime, fly ash and silica fume), natural
and recycled aggregate, considering mixes without
recycled aggregate, with third recycled fraction, and with
second and third recycled fractions.

Key words: Self - Compacting Concrete, lime, fly
ash, silica fume, recycled aggregate, ecological aspect
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