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Introduction

With more thanthree tons per head, per year, concrete is the most importanivatespread
material used igonstructionworldwide

The Italian code allows the use ofwaste produced by construatioand demolition (C&D)
operationgo produce recycled aggregates

The great interesboth technicaeconomicandenvironmentabrousedy thissubjecthasin recent
yearsand all over the worlted toa noteworthyincreasan experimental and theoreticstiudieson
recycled materials resulting from the construction sectoyriarmhrticular on recycled aggregates.
The possibility of utilizing recycled aggregate is a very good solution to the problem of C&D waste
and at the same time it reducpgarryingoperationsandlimitsthe use ohaturalaggregates

The Italian ministerial decree df4 January2008 containing technical regulations foonstruction
works, together with UNI EN 1262@ndUNI 8520-2 standardgoncerningstructural materialaow
allows alimited replacement percentagefly coarse recycled aggregategés above4 mm), to
produ@ structural recycled concrete, if previously recycled aggregates used were iglgntif
selected and tested following the samgulatiors.

In this scenaripthe research activities described hergére developed with the final purposes of:

I.  Characterimg i r e eoérge and finegecycled aggregates derived from construction and
demolition wasteby only concrete, randomly taken (without the knowledge of mechhnic
properties, shape, age and conditifsajn an authorisedlass Astorage sitédocaed around
Cagliari in Sardinia. This characterization wperformedto determine their performance
compliancewith the Italian codeand the best experimental practice the productiorand
use in structural concretBurthermore the characterization of recycled aggregates by means
of their shapesizes density, structurestrength, permeability and resistance to freezing and
thawing cycles, directly leado CE+2 certiication, which is not present in Sardinat the
moment

II.  Analyzing different concrete mixtures made with different replacement percatbdgee
and coarse and only coarse recycled aggregates in place of the naturtd oreste a
product having googroperties during production, transport amglementationwith good
compatibility with all devices and machines employedoncrete plast The intention is to
use recycled aggregates produced exclusively by concrete, coming from authorized class A
starage sites, immediately after their release from the crusher and to optimize the mix design
of the recycled concrete and the relative packaging procedure.

[ll.  Determinng themechanical properties of recycled concrete evaith different replacement
percentags of coarse and finend only coarseecycled aggregates amdmpamg them
with ordinary concrete to measure the gap in performamzkevaluaing ther usein
structural concrete.

IV. Reviewng and examimg the scientific scenarian the determination ofmechanical
properties othetransition zone (ITZ) between aggregates and cement moraaatgseits
influence on strength features of recycled concrete. Some possbiof numerical
simulation ofproblens in approacing this issuewill be provided. h particular, this part of
the work was carried ouait theUniversityof EasPar i s A Marne | a Vall e



Chapter 1.  State of the art

1.1 ENVIRONMENTAL SUSTAINABILITY

Sustainable development and environmental protectiontatay sensiive issuesall arourd the
world due to increasing energy consumption anddéeease imonrenewdle natural resources.
The correct definition of i s us tsatisfyn@ frdsesrday e v e |
needs withoupreventingfuture generationsom satisfyng theirs [1].

Problems connected with the environment and thegye amountsof wastes produced by
construction and demolition (C&Dyear by year,makes it indispensabléo find innovative
solutiors for thedisposl or reuseof recyclablematerials.This must be the main interest all
operations andf all thoseoperating in the construction sector

Many European countrguchas Denmark,The Netherland, Belgium and Germanhave been
studying for many years the issue of recyclimj construction and deoftion wasts. Those
countries havéaws that imposgheir reuse.

The ecycing of wastesresulting fromC&D operationsmeansa decreasan the use ofnatural
materialsdestined to finish during the next decades, alst an importantsavng of moneyin
consideration othe costs connected with their disposal and a certain escalatiive numbeiof
unauthorized dung

In Italy alone the civil constructiorwork produce 40 million tons of wastes per yeahjch is an
enormousamountof material that musbe dispoed of but which, by performingthe necessary
operationscould become recyclahléhushelping the economy and facilitating the creation of new
jobs. A noteworthyproblemin the situatiorof our country is that theris norealway of quantifying
C&D wastesAlsoi t 6 s v er gtomakeam!| iaccactuer at e Acensuso of
throughouthe nation [23].

Another important limiting factor is that there are alwayshyperplexity about the use of recycled
materials inbuildings thisfact is linked to the idea thagcycled materials are somehavierior in
guality and mechanical properties than ordinary ones.

In Sardinia for example,there is no construction companyequipped to demdah buildings
selectively, therefore wasteming from C&D proceduresarrive at the storage site witmo
selection or separation, aade crushech this way.

Table 1 presents the percentagesalfd wastes derived frol8&D and the recycled percentage
presentIn Italy, 30% ofall wastes com&om the demolition ofcivil buildings; of this, only10% is
recycled whileé90% is abandoneat storage site

The situation is criticalin comparisorto the other European couies, Italy is far behind Denmark
is a virtuous case: between 25% and 50% of wastesonnected t&€C&D and more or less 80%
are recycled before the final abatemeijt [4

Thesewastesare primarily composed afoncete, sand, wood, metals, glagsoduction waste
bitumen, plastic, paper, etc., and the compositionesagreatlydependag on the location of the
storage siten the country An interesting projection [5] estimated th&i% of total debrisin the
European Union isomposeaf waste produced by the demolition of concrete.



C&D wastes Recycledfrom C&D

Country (%) (%)
Australia 44 51
Brazil 15 8
Denmark 25-50 80
Finland 14 40
France 25 20-30
Germany 19 40-60
Hong Kong 38 N.I
Japan 36 65
Italy 30 10
Netherlands 26 75
Norway 30 7
Spain 70 17
United Kingdom More than 50 40
United States 29 25

Tabe 1 - Percentageof solid wastes from C&D operations (2007)
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Fig. 217 Fine and coarse recycled aggregate derived from demolition waste

Wastes produced by C&D operations are numerous and very heterogersofist and second

(MPS) materialsobtained from homagneous wastes are usually better tharsstiderived from a
heterogeneous mix of products. To facilitate the recycling of building materials it would be
desirable to adopt only demolition technigquproducinghomogeneous wastes. This strategy
usuallycallel fi s ed e mo | sestill notwidespreadiue to thehigher costs and longer tirme
connected with the operations evimough thisallows better separation of the materials and the
elimination of useless substances and the pollutANtgat occurs inthe real case is that the
economy and speed of the process are the most important factors so there is no attention paid to the
reuse of the material and the selection and handling of demolition products [10].



Theregulationsonly specifythe devices thanust be employeth crushng of the wastes but there

are no any particular specificatison the type of the site. This generates some confusion and not
the right situation tdacilitate recycling operatios

At present,C&D wastes are used to createy@ded aggregatesften employed in the field afivil
engineering mostly faroadsand in the production afonstructuralconcrete.

1.2 RECYCLED AGGREGATES

Recycled aggregates cordeectly from construction and demolition wastes (C&Dheyoccur as
different kind of rock elements covered by a layer of cement mortar.

When the concrete undergoes the crushing stefiheamortar that is not attached to the aggregates

is completely broken to very thin elemets that could be removed durisgpving

In the last few years many research projetiavefocused on different applicatie@mploying the
recycled aggregates and the results obtdaee beewery promising11-13].

The studies performed analysed many useful fundamental parameters used to dearheteri
behaviour of the recycled aggregates. These parameters are listed below with a brief description,
definition and their influence:

Density

Therecycledaggregates occur in small elements covered by a layer of mortar. The mortar is more
porous thanlte natural rock so i clearthat the density of the recycled aggregates is lower than
the natural ones.

This reduction in density igreaterfor the fine recycled aggregates due to the presencdaofer
amountof mortar. For the fine aggregates thertarmaybe betweerB30 and65% of the total mass,

while in the recycled coarse onesarely exceed40% [1420].

The main tendency of threandard UNI EN 12620: 2008is to control the percentage wiortar in

the recycled aggregates by means of acalitralue of density that must bemplied with

Water absorption

The |l ayer of mortar on the recycl enddemwsitygndagat e
greater capacity to absorb water than the natural aggregates.

In particular, water absption of the coarse recycled aggregates (from 4 to 32 mm) camydrio

9% and $ found to be independenf the quality of the original concret&he situation is different

for fine recycled aggregateshich canreach 12%. Water absorption fonatural aggregates is
between 0.5 and 2.5 percent {24].

Presenceof polluting elements

The presence of pollutants is commionrecycled aggregates because of the composition of the
materials and the addition of particular substances during the manufactategp

This undesired materiaicludes: gypsum asphalt, glass, aluminium, organic materials, tiles, bricks,
chloride, etc.

All pollutans are very important because their elimination is a key faetproducinga goodresult
sincethey cause a decresis the mechanical properties of the concrete.

Different international researchésve showrthat the mechanical properties of concrete are not
affected when the aggregates are degraded by window glidssjghan excessive amount of glass
could create@ne problemslue tothe reation between alkalaggregate.

The presence of bitumen cenpact significantly orcompressive mechanical behaviour

Some organic elementarmsiow down the hydration process @ément or increase the instability of
the concretewhen submittedo dry/wet cycles;varnishes for examplean facilitate the extra
inclusion of air inside the concretbusleading toa decreasén mechanical features.



Traces of vegetable soil amthyey fractionsare completely unacceptable in a venyngar way as
thatencountered fonatural aggregates. @bekinds of argillaceousnaterials act to redu@ahesion
phenomena between the matrix and the aggretatereducingcompressive strength.

Difficulty in controlling the mix water

Due tostrongabsorption, the recycled aggregates recaloag time to reach the saturation seda

dry point. The kind/class ofggregates influences tlspeed ofwater absorption and the time
required mayconsistently varyegecially in the next step aftenixing. This situation make it
difficult to control the workability anderification of the effective water/concrete ratio.

Many research projegind international studidsvetheorized anncreasedeedfor concrete (due

to thelarger amount®f water requird) when recycled aggregates are employed instead of natural
ones. Toavoid this inconveniengeother authors [140] introduce an extra step when recycled
aggregates are usdHat is,their presaturaion.

The production of fine aggregatesand fresh conaete workability

The mortar attachetb recycled aggregates reduadsnsity and increasegater absorptionthus
causng the most important reasofta damage of reajled concrete: ttle control of production of
fine fractions generated by the crumbgrof the old cement mortar. This phenomemodifiesthe
original particle size distribution andorkability.

For this reason most studien this topicsuggest nbto employ fine recycled aggregates (< 2 mm)
because they havelarger percentage of montahancoarse ones, or eventually to insert a step
where theaggregates alone are premixed in the concrete mixer fdive minutes. Using this
solution the workability of the fresh concrete notably improves.

1.3 RECYCLED CONCRETE

In the last fewyears tle interestin concreterecycling operations haacreased rapidlylue to the
continuous increasinthe volume of concrete demolitions.

Moreover the low availability of natural aggregatbasdetermined aise intheir costwhich is
bound to increase yehy year.

Notwithstanding all these facts, therestsl a distrustin the potential andseof recycled materials.
Enginees and construction companiassually prefer to apply a conservative approacbughnthe
useof MAstandardo building material s.

1.31 PROPERTIES OFFRESH ANDHARDENED CONCRETE

The mechanical properties of recyclamhcreteare usually worse than natural on€kis relation is
clearly dependentn the replacement percentage of recycled aggregates insteedtied natural
elements.Indeed, the characteristicoof concretechange if coarse and fine aggregates are used
togethelinstead of just coarse ones.

The elastic modulualsochanges: the minor stiffness of recycled aggregates is usually linked to a
minor elastic modulus comparedrtatural concrete [288].

Considering fresh recycled concrete, the presence of mamttre aggregates, their texture and
absorption abilitydetermines greatemeed forwater tharin ordinary concrete.

The workability of concrete made with recycled eaggates strongly depesicnthe free water
inside the mixture andntheinitial humidity status of the aggregates.

When enploying dry recycled aggregates with high replacement percentagthe original
workability of the recycled concrets equal or soratimes even letterthan the ordinary exemplars,
thanks to théarge amounof free water and thgreaterabsorption while workability @ 30 minutes

is actuallylower thanthat ofnatural concrete.



When recycled aggregates in the sutured surface dry mondite used (SSD) the workability &

and 30 minutess comparable to the value obtained for natural concrete [39].

These are very good reasons to recommend a water check for the mix of recycled conerete. Pre
saturation of the aggregates to limit losseworkability is a key factor.

1.4 RECYCLED AGGREGATESNORMATIVE AND CE MARKING

To study and elaborate on the employment possibility of the recycled aggregates in the concrete
production andor exactly definetheirpr oper ti es, dur i nog ssthaesetdcl® 7 6 t
that performed a first report in 1993 to clarify the state of the art and the techosgeein the
production of new concrete using recycled aggregates derived from structural demolitions (RILEM
TC 121, 1993).

The ADIrettaf 2@l PI3MofgCrEedci sely i n the fAart. 2
introduce the definition of inert waste.

In Europe since 2002, the EN 12620 normative is valigpecifiesthe criteria to classify the
aggregatesising various parameter ($¥& geometry, mechanical/physical/chemical properties) and

the manufacturing processes to follow to obtain a CE mark.

This regulations is not valid just for the natural aggregates but for the artificial ones too, even if
derived from construction and dentimn operations (C&D)

It was written considering all the environmental needs and all the different praxis noticed all around
the European Countries. In ltaly for example some experimental assessment are not compulsory
(wear test and the evaluation ottpercentage of shell) since they are not required by the national
regulation on concrete.

The UNI EN 12620 is valid for all the aggregates with density bigger than 2008 kdten the
heattreatment in oven and for all the classes of concrete.

It could be used even with recycled aggregates with density between 1500 and 208Gukd/n

some cases even for the fine aggregates but the limitations are particularly stricter.

Summari zing the Italian scenari o iohtherecyledssi bl
aggregatesn the civil engineering was modified many times in the past years following the
environmental needs

The ADecreto 8 maggio 2003, n. 203 del Mi ni s
provides that the public institions and the companies with prevailing public capitaist satisfy

the 30% of the total annual requirements of civil construction, using recycled materials.

The ACircol are n. 5 2 the Magonal AdBihidiration2oflid@sto covdamap o s e
least the 30% of the total annual requirement with recycled aggsegate

The UNI 85202 setsthe geometric and mechanical requiremenésthe recycled aggregatesust

haveto be used to create thecycled concrete. It indicates tlotasses of the agggates to be

chosen following the UNI EN 12620, to obtain concsete be used for different structures
satisfyingthe strength and durabilitgquirement.

To identify the properties of the natural and recycled materials to be employed to produce ktructura
concrete the reference regulations are:

UNI EN 12620: 2008. "Aggregates for concrete™;

UNI 85201 : ARAggregat. per c o-nDeknzzione,n dassifitazionec a | c e ¢
caratteristicheo;
UNIB85202: A Aggregati per TRequf ®iztiio;me di cal cestru

UNI EN 9331 : 20009. A Tests f or ge obhetetminationaof parpcltop er
size distribution Si evi ng met hod 0;

UNI EN 9333 : 2004. "Tests for geomeartBiDetarminaponafp er t |
Flakiness inde;



UNI EN 9334: 2008. "Tests for geometrical properties of aggregates r t 40: Det erm
particle shape Shape index;

UNI EN 10972 : 200 8. "Tests for mechani cal-Patr2d p hy
Methods for the determination ofsistance to fragmentation;
UNI EN 10976 : 2008. "Tests for mechani cal-Patrd phy

Determination of particle density and water a
UNI EN 13671: 2007. "Tests for thermal and weathering properties of aggsegateart 1:
Determination of resistance to freezing and thawing.

The UE M/125 established that the aggregates used in the concrete production and in particular all
the inert material traded after the 1st June 2004 must be CE marked.

The ANor mpet et ai cib®EM. ddugennaor2008 following the UNI EN 12620

and the UNI 85242, nowadays allow to use recycled aggregates to replace the naturaluoizes
explicitly demand only the employ of coarse aggregates and with very small quanéihdotepon

the class of the concrete thianust be realise

If the recycled aggregates are produced during demolition proceloljast concrete, the use is
permitted (partial or complete) but limited just to the coarse aggregaéhes replacement
perceitagesdepencbyc har act er i sti ¢ st r dhatimustberéaksedk i of t h
By way of example for theesistanceclas® C37 t he admitted repl acem
for the resistanceclas® C25 the admittedsr ®pbaceémantd pear t
resistance clags10 up to 100%(8 11.2.9.2 Aggregates).



Chapter 2.  Characterization of fine and coarse recycled
aggregates by concrete

2.1 INTRODUCTION

Both theexpense connectetith disposal procedures and thearcityof natural resources strongly
suggest the using of wastderived from construction operations to produce aggredatassein
the concrete manufacturing process.

The Italian ministerial decreef 14 January 2008lassifies recycled aggregatestimeedifferent
categories: 1) aggregates that come from the demolition of buildings (debris and rubble); 2)
aggregates producdiy the demolition of concretenly and 3) aggregates that reuse the concrete
inner part of precast reinforced concrete sites. Thiplsirand schematic classification shows the
main problems of the organization of storage sites of secossl tgfpe A: the high variabilitgf the
recycled aggregates. Moreoyéte cushing, usually performed with a jaw crusheray lead to a
different paticle size distribution.

As is common knowledgeecycled aggregates (RA) hadéferent propertiesthan natural ones

(NA) suchas higher porosity, better permeability, lower density and strength. The differences are
greaterfor fine recycled aggregatesanfor coarse ones.

An experimental survey wagserformedto characterize the coarse and fine recycled aggregates
derived only from theconstruction andlemolition of concrete. In a new way, this thesis did not
implementthe experimental campaign using tmmized concrete specimens created ad hdhan
laboratory and demolished, but performedtéstingprocedure®n "real" recycled aggregatée®m

only concretetakenfrom an authorized storage site, to use thienmediately at theutlet of the
crushey for themaking ofstructural concrete.

Due to this fact iis implicit that the status of conservation of the original concrete, its mechanical
propertiesand agevere not known.

The possibility of using recycled aggregates pooducestructural concreteas soon athey are
crushedin a storage site, is an opportunity thatdlwes techncal, economic and environmental
interests. The environmental benefft wusing these materials is universally recognized, but their
introducton into structuralconcretds met withscepticismby all experts in the field.

The supply of recycled aggregates dstiisg of only concrete has been vedifficult to find
becausedemolition compaies in Sardinia, and more precisely in the Cagliari area, are not
organizel to implementselective demolition of buildirgand because storage sitksnot divide the
waste by C&D beforerushing

To select the storage sites to collect the recycled aggregates by concrete, a list of authorized sites
was obtained from the website thfe Region of Sardinia. Afteriselectingand contacting tha to

verify their availability,inspections were conducted to check the material used and the possibility
for the separation andughing operationssedatthe sites.

From the first list, only the Ecoinér{authorizedstorage sitell category classA, located in
Iglesias) was found to be in line with the requirements to support the research activities.

Ecoinerti isat presenhot ready to produerecycled aggregatédsom only concrete, but thanks to
thelong experiencef its staff in demolition operati@nit was easy tanform point out to thenof

the characteristicsf the recycled aggregates that we regdr the experimental campaign.

Our request at Ecoinerti consisted m@cycled aggregates obtainém the cushing of only
concrete blockgrom demolition wastesyith a nominal diameter between 0 and 25 mm. In the
recycled aggregates obtained in this wagre were not to beresent other types of waste.



2.2 EXPERIMENTAL SURVEY OF THE AGGRE®TES

The reycled aggregates examed in the early stage of the research were labelled with the
abbreviatios: RA1, RA2, RA3.

They werecollected during three differemeriods of the year: RA1 (January 2009), RA2 (March
2009), M3 (October 2009) frorkcoinerti(lglesias).

The choiceof the materials wsconductedandomlyand this facersurel the randontollectionof

the concrete and for which the aggatus of conservatioand mechanical properties were not
known.

Working together with the Ecoinerti staff, thencrete wasdentified accurately to avoid the
presence of other common wastes connewtiédal building demolition (brick, tile, etc ) and then
crushed using a jaw crasher to create recycled aggregates with a particle size distribution between 0
and 16 mm.

The natural aggregatesalled NA1 and NAZ2 taken respectively from the Vibrocementa
company producing precast reinforced concrdtecated in Monastir, Cagliari), and from the
Italcementicompany a produceif readymixed concrete (located in QuartDagliari) were used

for comparison

In the very last phase efkperimental operations (March 2011), acaugdo the studies carried out

in the University ofEastParis "Marne La Vallee" described in Chap8rsome other recycled
aggregates were collectétdm Ecoinerti and labelledsRA4 with amaximum size of 25 mm.

In this chaptethe results obtained in the laboratories of the University of Cagliari to describe the
properties oRAL, RA2, RA3, RAL, NA1 andNA2 arereported and discussed.

For the recyled aggregateRA1, RA2, RA3 the test to determiparticle size distribution, physical
properties,geometry of the graingnass and strength losses beftmeezing and thawingycles
density, absorption of water andesistance to fragmentatiomas carrid out while the RA4
recycled aggregatevere tested to measur@ensity, absorption of water andesistance to
fragmentatioronly.

Speakingof density, some other properties were determined: bulk densitatuated surface dry
density} ss¢

All tests were performed according to the followstigndards

UNI EN 12620: 2008. "Aggregates for concrete";

UNI 85201 : ARAggregat. per c o-nDeknzione,n dassifitazionec a | c e ¢
caratteristicheo;
UNI85202: @A Aggregati per ©tRedwizdiotnieo;di cal cestru

UNI EN 9331 : 20009. A Tests f or ge obhetetminationaof parficktko p er
size distribution Si evi ng met hod 0;

UNI EN 9333: 2004. "Tests for geometrical propestie o f a g-gRae 3 Bdtearsnation of
Flakiness index;

UNI EN 9334: 2008. "Tests for geometrical properties of aggregaiega r t 4 0 : Det erm
particle shape Shape index;

UNI EN 109%2: 2008. "Tests for mechanical and physical properids a g g r- Pajta2t e s 0
Methods for the determination of resistance to fragmentation;

UNI EN 10976 : 2008. "Tests for mechani cal-Patd phy
Determination of particle density and water a
UNI EN 13671: 200 7 . "Tests for t her mal and -waral:heri

Determination of resistance to freezing and thawing.



2.2.1 MATERIALS

Concrete is &eterogeneous material. The cohesion between the matrix and the aggregates depends
on different factors: typology of the aggregates, texture of the surface (shape and roughness),
quality of the mortar, inclusions and eventually the addition of mineral or chemical substances [4].

The recycled aggregates comifigm the cushing of concrete have a muoiore irregular shape
than natural ones. This fact is due to the cement matrix surrounding the original aggregates,
randomly distributed with different stiffness and dimension.

During the cushing of the concrete the mortar tlitesnot cover the aggrede is crushed more

and more.

In the first experimental part of tlveork all the aggregates withmaximum dimension of 16 mm
were characterized. They weall characterisedo have a unevenly distributed attached cement
mortar, and this resuledin the pssibility of visualizng the surface of the original aggregates.
Afterwards the same procedures were adopted with the remaiRiAg aggregates, witha
maximum diameter of 25 mm, and avenly distributed cement mortatong the surface ahe
original aggregatesthandid the previous samples.

Pictures 12a, 2b, 3, 4and5 showthe natural and recycled aggregates adopted in the experimental
tests.

Fig 1.7 Natural Aggregates

i ..

W

Fig. 2a- RAC (RAL, RA2, RA3) and NA Fig. 2b- RA4

1C



Fig. 3- Recycled Aggregates (left) and Natural (right)

FRREAYALC. :
Fig. 47 Recycled AggregatesDepartment of Structural Engineeringnidersity of Cagliari

Fig. 517 Natural AggregatesDepartment of Structural Engineering, University of Cagliari

11



2.2.2 PARTICLE SIZE DISTRIBUTION OF RECYCLED AND NATURAL AGGREGATES

The particle size distribution was measured for bottrérycled aggregat&A and the naturalA
ones, accordingp UNI EN 933 1e andprEN 9322.

The aggregates were classified by class and typology and wergdagat at (110+5)°C for the
time requirel to reactconstant mass and thedter a pause farooling, their mass was recorded.
Afterwards the specimens were dipped again in water for 24 hours. The day after they were then
washed by means ofta3  siewnetill the flushing wateresulted perfectly clean.

After finalization of the procedures describabove, the mass of the material retained bytBe € m
sievewas recordea@nd then the second mass of the specimas recordedFinally, mechanical
sieving of the aggregatesas performed

This procedures allogd us to classify the aggregates in 9 diéietr clases one for each sieve, and
thusmeasurelteir weight with an accuracy a6 comparedo the weight of the whole sample, in
compliance withstatutoryprovisiors.

2.2.3 DETERMINATION OF THE SHAPE OF THE RECYCLB AND NATURAL AGGREGATES

Generallythesizeof aggregatess expressed byength L, equal to the maximum distance between
two parallel tangent planes touching two opposidges of the aggregatésckness E, defined by
the minimum distance of two parallel tangent planeh&odurfaceof the aggregate andidth D
equal to the smallest diameter of sieve the aggregateassthrough

2.2.3.1 FLAKINESS INDEX (FI)

A very important parameten identifying the shape o single grain is the ratio D/E. The UNI EN

9333 standardwas follbwed in performingthe experiment. The test consdtof two different

sieving operations in the first one Figure 6) a normal sieve was used to divide the sampbe in
different particle siz& in the second a different sieve with parallel reds usedFigure 7). The
second part was accompl i shed iatMacchimeddu.abor at or

Fig. 61 Normal sieve Fig. 7- Sieve with paallel rods

2.2.3.2 SHAPE INDEX (SI)

The coarse particlewere classified with the ratio L/E by the shape coefficient that expsess
cubdcity ( L/ E  OnoBc)u baincdi t y (L/ E O 3) .aslidinggaugewdased m t hi
Accordingto UNI EN 9334, the shape index S$¥as calculated using the mass of the-nohic
particles and then reported as a percentage of the total mass ofdtessasple.

In Table2.1, the results of the shape/geomefirthe particleare displayed

12



Flakiness | Shape inde
size index
Test sample (mm) (L:/l ) (OS/(:)
[NA1] 4-20 11.99
4-8-16 52,3
[NA2] 4-20 10,85
4-8-16 47,0
[RA1] 4-20 8,73
4-8-16 54,8
[RA2] 4-20 11,79
4-8-16 43,0
[RA3] 4-20 10,6
4-8-16 52,0

Table 2.1i Flakiness index and shape index of naturalraegicled aggregates

2.24 DETERMINATION OF THE DENSITY AND WATER ABSORPTION OF THE NATURAL AND
RECYCLED AGGREGATES

A method witha pycnometerfollowing UNI EN 1097-6, was adopted to calculateensityand
water absorptionThis rule prescribes the parametelentification procedures faaggregates with
sizescomprised betweenand31.5 mm and).063and4 mm.

More precisely, the test mentioned above indicates different operfdiocoarse andine particles,
thusin the first stagehe entire sample was subdividedbi groups: the first wasomposed ofet
up with particles having a size laten 0063 and4 mm, the seconihcluded4 to 16 mm particles
for theaggregateRA1, RA2andRAS3, while the reference dimension wag£25 mm for the RA4
specimen.

After a washing cycle all the samples were placed inside the pycnometer and then the air w
removel by rotation of the pycnometeéFhe wholesamplewas settled in a thermostabath for 24
hours at (22 £ 3C as show in Figure8.

Fig. 81 Pycnometers with natural and recycled aggregates in thermostatic bath

After 24 hours the specimengere takenfrom the thermostatic bath and teatire mass was
measured. Téavalue of total mass includes the pycnometer atihgregates and the water inside
Next, the coarse aggregates, the ones with size betwe&f Am and then the others with a size
between 4 25 mm, were put on absorbent paper and dried till theagatusurface dry condition

13



was reachedrgure9). The coarse aggregates were weighed before starting another heat treatment
at 105 = 5°Gwhich allowed the sample to reach tltenstant massondition.

Fig. 91 Saturated surface dry condition of the recycled aggregates

The fine aggregates with size betweefi6@ and 4 mm were placed in 8.063 mmsieve and
subjected to ret treamentwith a hot air jet to help the evaporation process.

The samplavas weighed again and hdetated at 105 + 5°C tiit reacled constant mass.
Following the procedures described in #tandardall the masses &ve weighed with an accuracy
of 0.1% of the total mass of the sample used in the tests.

The results for the natural and recycled aggregates areshdwable2.2.

satured
.. | surface dry| Predried WA
Test sample Size Bulk ;jaen5|ty condit_iony density. Wat2r4e_
(mm) (Kg/md) density Jrd , absorption

} ssd (Kg/m ) (%)

(Kg/im)
[NA1] 4-16 2735 2675 2715 1,27
0,0634 2728 2720 2640 1,84
[NA2] 4-16 2691 2600 2580 1,40
0,0634 2707 2630 2610 2,00
[RA1] 4-16 2663 2509 2510 3,80
0,0634 2838 2626 2420 4,56
[RA2] 4-16 2383 2178 2100 5,60
0,0634 2528 2234 2150 9,50
[RA3] 4-16 2565 2408 2230 4,30
0,0634 2696 2470 2420 5,60
[RA4] 4-16 2701 2483 5,43
0,0634 2658 2570 411

Table 2.2i Density and water absorption of natural and recycled aggregates

14



2.2.5 RESISTANCE TO FRAGMENTATION . THE LOS ANGELES TEST.

To calculate the resistante fragmentation of the coarse recycled aggregates, a Los Angeles test
was adopted according to UNI EN 1627

The mass losses were measured for those aggregates that pass through the 14 mmtisegve but
were retained by the 10 mm sieve. This particular test measures the weight losses for fragmentation
of the aggregates by crushing and impagtmigh the standard dimension metal balls, of standard
dimensions, inserted inside the rotating cylinder.

Figure 10 shows the device used: it consists of a rotating cylinder with standard dimensions with an
opening in the side wall.

Fig. 10i Los Angeles testing machine

At the beginning the sample was winnowed using sieves of Q) 18,5 mm and 14 mm, thus
obtaining two different subsamples. Each subsample was washed atibéieat at 105 + 5°C till

it reached a constant mass. The subsamples were left to cool and were mixed again to obtain a
specimen of 5 + 0.005 kg. This waethplaced inside the Los Angeles testing machine with 11
steel balls for 500 rotations of the cylinder.

The whole sample of material aftéragmentation was then taken out of the cylindegyre 11),

sieved and washed again using a 1.6 mm sieve. Tdiaedtpart was hedteated at 105 + 5°C, till

it reached a constant mass; afterwards it was cooled down by air and weighed. All the results of the
Los Angeles tests for natural and recycled aggregates are shaabler2.3. It is important to

highlight the fact that the higheéhe LA value, the lower the mechanical features of the aggregates
will be.

Test sample LA
[NA1] 18,68
[NA?] 21
[RA1] 39,5
[RA2] 35
[RA3] 39
[RA4] 25

Table 2.3/ Natural and recycled aggregatees Angelesndex
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Fig 117 Crushing of recycled aggregates after Los Angeles test

Usually the strength of the recycled aggregate is lower than tinaturfal ones; this fact is directly

due to the lower strength of thmortar,the bond strength betwea®ment mortar and original
aggregatesand connected with the quality of the natural aggregates used in the original concrete.
Some papers have pointed out that different kinds of natural aggregates can modify theepriperti

the recycledaggregates.The shape andoughness of the natural aggregates have a strong
connection with the quality of the concrete;

In different classes of aggregates with higher absorption, asgpnartz ston®r expanded clay, for
example, thecohesion between the cement matrix and the aggregates araasiesignificantly.
Cohesion increases greatly using aggregates obtained from recycled concrete; this effect is
attributalbe to their irregular shape andughness.

2.2.6 DETERMINATION OF FREEZING AND THAWING RESISTANCE

UNI EN 136%1 traces the guidelines to be followed in identifyiihg properties ohggregates
subjected t@ freezing and thawing test. This test is used on aggregates with dimensions between 4
mm and 63 mm.

Three different sisamples were created and analysedbdo the natural anekcycled aggregates.

Each of the three subsamples was obtained using two different sieves: first the aggregates were
filtered using a 16 mmsieveand then blocked by a second sieve off@ . Oncethe samples were
obtained, a washing step was performed; following this, they werdrbatgd at 105 £ 5 °C till

they reached the constant mass condition.

The samples were then coolesing fresh air and weighed again. After that, the subsamples were
placed in distilled water for 24 hours. They therderwentlO different thermal cycles of freezing

and thawing at (20 £ 3) °C andll(7,5 £ 2,5) °C. All the tests were performed in the laboratories of

the Environmental Engineering Department, Universit€agliari.

Later on, after the 10° thermal cycle, the samples were washed and weighed ageimdtthee

total massThis led directly to the calculation of the mass losses, and the percentage of strength

| osses @SLA, after the thermal cycl €ble2alnd t h
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Strength
Mass losse
.| losses aftel
after freezin .
. . _1freezing ang
Size and thawing >
Test sample thawing
(mm) cycles
E cycles
aBa
0,
) (%)
[NA1] 8-16 0,50 2,14
[NA2] 8-16 0,46 2,21
[RA1] 8-16 0,22 4,57
[RA2] 8-16 0,23 6,10
[RA3] 8-16 0,30 7,10

Table 2.4i Mass and strength losses after freezing thawing cycles

2.3 RESuULTS

Figure 12 shows the diagram of particle size distributions for the recycled aggregates obtained
exclusivelyfrom concreteand for the natural ones.

\\\
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Particle size (mm)

— il — RA1 — @ — RA2 — A — RA3 —@&—NA2 —é—NAlL

Fig. 127 Particle size distributionfonatural aggregates employed (NA1) gdhéh\2) and recycled aggregates (RAL1, R&2RA3)

Figure 13showsthe diagram of particle size distributions of the recycled aggregates tested together
with the ideal curves of Fuller Thompson and Bolomey (Colle0a9).

The diagram irFigure 12 showthateven using recycled aggregatédslifferent kinds of concrete,
the particle sie distributiondor particles with diameters between 0 and 16 anenalmost constant
at the outlet of the crushdnstead the twocurves of the natural aggregatee extremely different.
This isdue to the different specificatisnequired.Precast reinforced concreteust be compaand
with very shortworkability while readymixed concrete must ensure fluid or superfluid conscste

17



Fercentage passing (%)
A

2 3 4 5 &6 T & 9 10

[ =)
Lt
,.
e
4
o

Particle size {mm)

— ® — Fuller — # — Bolomey —%—RA] —%—FRA2 —%—FAT

Fig.13i Particle size distribution akcycled aggregates ( RA1l, RARJRA3) andtheideal curvesproposed by Bolomegnd Fuller

It can be seefrom the diagram irFigure 13that theparticle size distributionat the outlet of the
crusherand the ideal curvesr diameters larger than 4 mamevery similar.

Figures 14a, 14b, 15a, 15b, 1&ad 16b respectively show thealue of water absorption WA24,

bulk densityr a andsatuated surface dry condition densitgsdfor different diametes: The data
presented in this work were obtained from the experimental campaign performed on the natural and
recycled aggregatetgether abtherdata were retrieved from the specialized literature (more than

30 papers were takentaccount).

From figures 14aand 14b it can be seethat water absorption WA24% is higher for the recycled
aggregates (RA1, RA2, RA3 and RA4), marked in aad black thanfor the natural ones (NA1
and NA2), marked in blue. ttan also bebserved thapermeability is higher for the fine recycled
aggregates thafor the coase ones and this was confirmiedth by the experimental analysis and
the papers considered.

The presence of cement mortar firmly attached to the original aggregates reduces ithefdbes
recycled aggregates and causeaghér water absorption thahe natural ones and this fact is not
connected to the quality of the original concrete.

Normally the fine recycled aggregate particles absorb more than the coarse ones. In fadhelue to
crushing of the concrete, the fine fraction may be made up of parts consisting of only cement mortar
detached from the aggregates.

Table 2.2reports the behaviour of the fine aggregates with a nimd.11 % vale and a
maximum peak of 9.5% gfermeabity. In general the dispersion déta is quite high and increases
when the diameters are smaller than 5 mm.

The values ofbulk densityra of therecycledaggregates tested are simitarthe natural ones,
especially for thecoarse particlesn this connection it is possible tseethe generalownward
trend of ra for the tested recycled aggregatasd for the literature dataetrieved from the
specialised literature consideréigures 15aand15b).
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The reduction oflensity is indeed due to the prese of the cemnt mortar, endowed withigher
porosity than the aggregates.
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From the diagram ifigures 16aand16b, itis clear that the satted surface dry condition density
I'ssg IS quite variable for the natural andecycled aggregates for bothetlexperimental and the
literature data. The average value is 2500 Rg/m
The single aggregate is in the condition of s#Ba surface dry whreall the pores are filled with
water. That is a very important state of the material becauses fireciselythe status of the

aggregates when theye placed in the fresh concrete; in this state the parttea®t absorb or

lose waterthusresulting in the impossibilitgf modifying the water/concrete ratio.

All theseimportant facts converge faoint out the imprtance ofcontrol of the amount of water
during thefresh concretpackagng operation
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In recycled aggregates the reaching of the saturated surface dry condition presents great difficulties
and often represents an unknown factor due to the presenameht mortar (adhering to the
recycled aggregates) having a different structure and major porosity compared to natural
aggregates. Furthermore, its amount is extremely variable, depending waythie which it is
crushed.

All this may explain the obvioudispersion of the results obtained.

The diagramn figures 18, 19and 20 shows theesistance to fragmentatidA and theflakiness

index Fl of the tested recycled aggregategether with the.A andFI values &trapolated from the
literature, in comparien withthe averagealue for the natural aggregates.
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Usually the recycled aggregates hadgghea LA value than the average value of the natural ones,
as show in Figures 18 and19. The LA value for the recycled aggregates RA1, RAGRAS3 are
almost constant (LA = 37) eveéhoughthey were obtained by crushing different lsraf concrete.
The LA value of the RA4 wasnuch lower, close to the average value estiethtor the natural
aggregates.

This fact is probably due to differendusesthere surely is a strong dependencythe strength,
shape and texture of the original aggregate, the quantibodfr attached on it and the strength of
adhesion between the aggregate and the cement mortar.

During our experimental Los Angeles test on the recycled aggregates, the adherent cement mortar
waslargelydestroyed, as clearlgdicatedin Figure 11.

After the Los Angeles testslarge amounf theaggregatehadno cement mortar on their surfaces
due to thdactthatmortar is less resistant tagmentation procedures than the aggregates.

This phenomena caused an higher LA value during the tiest,LA value is calculated by
subtractinghe part retained by theGlmm sievdrom the original mass.

The values otherecycled aggregattakiness indexhat emergedrom the experimental analysis
ard the literature data indicate an important dispersimnt the average value of the natural
aggregates is similar to the estiemhade for the recycled aggregates (FigROe

The results obtained from tHeeezing and thawingest of the recycled aggregates show that the

strength loss igreaterfor the recyotd aggregateshile the mass loss is slightly lower, as shown in
Table2.4.
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Chapter3  Analysis and methods of simulation of behaviour
at the cement matrixz aggregateinterface

University of Parigast"Marne la Vallee," Tutor Prof. Julien Yvonnet

3.1 INTRODUCTION

This chapter shows the work done during the period of PhD study abroad, precisely in France at the
University of East Paris "Marne la Vallee." The study involved the analysis of the behaviour of the
interface between the cement matrix éimel natural and recycled aggregates in concrete, in order to
highlight the main differences in the phenomenon of adhesion between the cement mortar and two
types of aggregate and then to understand the different behaviour of recycled and ordinary concrete.
The first part of the work was characterized by the study of the state of the art of physical and
mechanical properties of the transition zone (ITid)patural and recycled aggregates in order to
investigate their influence on the nh@nical characterigts of concrete made with them.

The second part of the work involved research and study on simulation methods, with particular
interest focused on the representation methods of natural, recycled aggregates and interface areas
(ITZ). The objective was toreate a finite element model that simulated the behaviour of recycled
concrete. This is very promising future line of research.

3.2 INTERFACE ZONE(IT2)

Concrete is a heterogeneous material in which a porous cement matrix surrounds a complex of
stones(aggregates) with different strength and size, and distributed randomly. Between matrix and
aggregates there are transition zones ITZ with properties different from those of the cement matrix.
The transition zones govern the fracture process of the alad@d they are the areas of greatest
weakness in the concrete, especially due to their high porosity.

The behavior of the transition zone justifies the differences in the break mechanisms of concrete.
The adhesion between matrix and aggregate depentie omatrix characteristics, type of aggregate

and its surface texture, the presence of mineral additions and chemical additives, incorporated air,
etc. After a stress, if the aggregates have a smooth surface, the cracks propagate mainly along the
surface othe aggregates. If the aggregates have a rough surface, the cracks can develop through the
matrix and, in some cases, through the aggregate. The crushed aggregate surfaces have, in genera
greater adhesion to the cement matrix than those of naturabatgs¢5356].

In ordinary concrete, the volume of ITZ is approximately 20 to 50% of the total volume of the
concrete, and depends on the fineness of the cement, ratio A / C and the surface texture of the
aggregate. Many studies have investigated the lifiZension, showing that the thickness ranges
typically between 10em and 100 em . I n Figur ¢
and their size.
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Fig. 1- ITZ zone

A

sogregaielll 112

Fig. 2- ITZ Dimension

3.2.1 POROSITY OF INTERFACE AREAS

During the hydration of fresh concrete, the distribution of anhydrous cement particles is more
widespreachearthe aggregate surface, so the fresh concrete porosity ard/tBeratio increases
nearthe aggregates and the reactions are influenced by their ch@naipatties.

There is a close connection between the properties of the ITZ, the porosity and the process of
hydration. In fact, the process of hydration near the aggregates is different from the rest of the
concrete. We can say that the excess of porasityhese areas is at the same time cause and
consequence of the existence of interface areas.

This phenomenon is called the "wall effect”, due to scanty disiwib of the cement grains nehe
aggregates [57].

The main modificationsf porosity neathe aggregates occur at a distanée 01 5 ¢ m butin2 0 € m,
older concrete the variation of porosity decreases. By introducing silica fumes into the mix, the
variations of porosity are inexistent, because the tiny grains of silica fumes in ticeri@ignse the
cement as showm Figure 3.
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In general the ITZ have:

A Increasegorosity: 2 or 3 times highdinan the rest of the structure;

A Increased / C ratio;

A Pores larger than the rest of the structure;

A Variations of porosity at a distance from tlygeegateof lessthan 15em / 20em.

Thesefeatures can be a cause of mechanical weakness of ITZ compared to the rest of the concrete,
but also play an important role the characteristics of the cement, the chemical and physical
properties of aggregatasd the naturera union ofthe cement paste.

3.2.2 PHYSICAL PROPERTIESOF AGGREGATES AND ITZ

There is a direct bond between the texture of aggregates and the union with the ITZ, as
demonstrated in numerous studi€sirthermore he literature shows that the cement matrix
aggregatdond depends on three mechanisms:

Concrete hydration around the aggregates;

Epitaxial gowth (deposition of thin layers of material) of the hydration products on
the surface of the aggregates;

1 Thechemical and physical bond between the cement paste grebate.

T
T

Furthermoreit is shown that the possible failure modes of concrete are mainly four [56]:

1 Fracture of the ITZ;

1 Cracks that crosthe ITZ andcontinue in the cement paste;

1 Cracks that crosthe ITZ andcontinue in the aggregates;

1 Fracture of ITZout with loose fragments of concrete and aggregates.

In general, the bond strength of the cement maiggregateincreases when the surface area
available for bonding increases, that is, with ith@reasing ofaggregate roughness, but this is not
conneted to the strength of the concrete, in fact, the aggregate must be mechanically strong to
support the strength of this bond.
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The size of the aggregates also influences the bond with the cement matrix; in [57] for example, the
length of micrecracks decreses with an increase in the aggregate size, while their average width
increases with the diameter of the aggregates.

3.2.3 RECYCLED AGGREGATE®AND ITZ

The study of the behaviour of the cement mategycled aggregate interface is quite interesting; in

fact, the particular surface of the recycled aggregates increase the adherence in the transition zone
of new cement matrix, but this additional adhesion does not correspond to higher mechanical
strength of ecycled concrete made with them, compared taargliconcrete

This phenomenon can be caused by maexking;in fact, in recycled concretenicro crack
propagation takes place with equal frequency in the cement mortar and in cemenaguegate
interfaces.In concretes with a low A/C ratio the mexcfical strength and the cement mortar
aggregate adhesion with the new cement matrix exceeds the resistance of the old mortar with the
original aggregate. Thisan causéhe formation of cracks through the recycled aggregates [22].
Furthermore,in recycled concrete there are two interface areas, the first between the original
aggregate and the old cement mortar, the second between the old cement mortar and the new
cement mortar.

In Figures 3a and 3b respectively, it is possible to see the single areardktfaxe between the
cement mortar and the natural aggregates and the double area of the interface between new cemen
mortar and recycled aggregate.
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Fig. 3a- ITZ zonenatural aggregate Fig. 3b- ITZ zone recycled aggregate

To analyse the influence of the transition zones in the break mechanisms and the relative force of
adherence to the recycled aggregates, concretes were produced using recycled aggregates having :
maximum diameter of 25 mm.

Such @gregates were taken from the Ecoinerti storage site and their characterisation is given in
Chapter 2. The recycled concrete made with these aggregates was subjected to compression anc
traction tests and the results are reported in Chapter 4.
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3.3 SIMULATION METHODS

3.3.1 FINITE ELEMENT METHO D

Assume a general threimensional body thaiccupiesa domainY | R® which is defined by a set
of points x. A body force is prescribed inside the domain. Furthermore, surface tradtiand
boundary displacementsare applied on the domain boundary surfaceshe motion of this body
with respect to the applieddding is expressed by the unknown displacement fielissuming
small displacements and a linear relationship between strésses strainsUthe governing
differential equations can be written as:

Gy = Cijt S v € 02 Constitutiveeqation

& = %[%;4. %;.] e €0 Kinetic equation

35 = rx €0 ' i

o = bj X € Static equation

u; = Uy vx =13, Essential boundargondition
oM =t vx I Natural boundarycondition

wheren is a vector normal to the boundary surface. Considering an isotropic material, the linear

elastic material tens@@ €is given by:
Ci = A6;8q + (83,8 + 5;8)

Lj Ykl

wherel denotes the Kronecker delta which is defined as

L= (L ifi=]
% {D if i=]
and where
Ev E

u

=TT —20) T2(1+v)

In all the equations the tensor notation is used for the stresses and strains:

01 Mz (g3 f1 Hz A3
@j = DEL: G_zz 0-23 El_j'- = £12 EE: E:E
3 23 UO33 £13 €23 £33

Using vector notation, the constitutive equations can be written as:
G = CE‘ .._C_}

with
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There are very not many problems for which these equations give a closed form solution. For most
engineering problems, the problem must be solved in an approximate way by using a numerical
method. Today, the finite element method (FEM) is a techniquelyagbplied for the simulation of
elements with arbitrary geometry and given boundary conditions

Using the finite element method, the entire body is subdivideal finite elements which are
connected at a discrete number of nodes on the element bosn&aah element is defined by a
certain number of nodes

3.32 REPRESENTATION SCALE

Concrete is a highly heterogeneous material. Its simulatiots aumerical representation can be
made at different scales

1 macroscopic scale the concretegheterogeneas material, is represented as a homogeneous
material. The ease the advantageof this method To performthe discretizationthe
macroscopic scale method usascoarse mesh, buhis cause dittle correspondence
between simulatedndrealbehaviour

1 mesoscopic scale individual components of the heterogeneous structure within the
concreteare represergeparatelysuch agor examplethe shape anthe spatial distribution
of aggregates
As a result, the properties of each specific material can lgnadgor each compond.
With mesoscopic scamulationsthe physical effects, such as the propagation of cracks or
therupture of theaggregate cement matrixnterface are considered separateligerefore
to represent theoncretebehaviourcan be seda simple formulationfor each parof the
material.
The mesoscopic scale require the discretization of the intevnaletestructure. Compared
to the macroscopic scalsimulations the numerical effort increases significantly. For this
reason it igenerally limitedfor specimens with a simple structure.

1 multiscale approach- different scales anesed.

The mesoscopic scalavill be used to realized &olume of ordinary concretefor analyse the
behaviourof interface zonewhen it is subjectedt stress actioa

The model obtained for trerdinaryconcrete will be adaptgdr the recycled concreteharging in
a convenient waythe parametersuchasshape ad texture of the aggregates, propert®ze and
type oftheinterfaceareas and the constitee laws
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3.3.3 MESOSCOPIC SCALE RERESENTATION OF CONCRETE

3.3.31 AGGREGATES

Aggregates occupy 680% of the concrete volume atieeyinfluence its properties.

The crucial point in the mesoscopic scale simulations is an appropriate descrigiiematerial,
andof its internal structure, with an appropriate numerical model.

In mesoscopic scaléhe concretestructureis characterizedrom the spatial distribution of st
components anffom the size ofaggregates. In literature, can fied two different approaches to
mes@copic scaleepresentation

In the first approach, the authors use&perimentsof X-ray tomography, or digital images of
concrete section$6-58], to determine the real structurespiecimerof concrete.

In the second approacthe authors use numerical simulations to generate artifipedimensof
virtual concrete.

In these models, the aggregates are generally represented by simple geometric shapes such a:
circles, spheres, ellipsoidsr polygons, [6363].

A popular methodcalled "takeandplace" is usedfor the aggregates simulatioihis method
consistdan two phases, the tak@ocess, followed bthe placeprocess.

During the takeprocess, the aggregatasd their distributiorare created The size distribution of
aggregags can be approximated by the Fuller cuorat can be explicitly known.

The final structure of the concrete volume is generated during theglacess. The aggregates are
randomly placed in th@olume one particle at a timeavoiding th@ overlap. Tle placeprocess
starts with the greater particles and tliteis repeatedor the smaller particles until all the particles
are included in the virtual specimen.

3.3.32 AGGREGATES SIMULATION AND THEIR DISTRIBU TION (TAKE PROCES$

A simple way to represe the surface of the aggregatesuld beto use an ellipseusing the
following formula:

B+ + -

This permitto writetwo rays as a function of the thirdyswith the following equations:

‘7}13_1)
rp=[14xp% B Jex
1 ( 2 n,t+1 2

n.—1
ro = (1—1’3* 13—)*2’2
?}‘13+1

Where X2 and X3 represent a random distribution of numbers betiveed 1. Th ar amet er d
is the maximum value of the relationship between r1 andn@,itis used to control the shape of

the aggregates.

Therelationship between rl and i8equal to 1 for spherical ggegates, while higher valuese

used forget therepresentabns of elliptical aggregates [61].

A very interesting aggregates simulation was made by Wang, Kwan and Chan in the work entitled
"Mesoscopic study of concrete I: generation of random aggregate structure and finite element
mesh" [63]; in this study in mescopic scalevasgenerated a random structuwieaggregatesvith

shape, size and distribution as much as possible similar at the real model.

In this study the aggregates shape is described in polar coordinates and the polar radius is expressec
by a harmora function.
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=1

A, = averageaadius

Aj = width of the frequency Fourier
ofj = thecorresponding phase angles
with aj betweerD to 2

Fig. 4- Aggregate contouepresentation

The polygonshapes completeifp u define the sides and two

and the polar radius ri for the n vertex.

This information can be used to createall shapgyolygon

In the first case (A and ri for each vertex are variable between 0 andSadi ard ri can be
created througlthe random numbers|i uniformly distributed between 0 and fultiplying these
random numberfor 2" :

6 =1, *2n
ro= A+ (25, —1) = 4,

with r; between (4-A1) and (A + A1) andwhere Ayis aaverageadius
In the second case B

6, =22+ (24 m,—1) s 522

whereg. betweenziT andl

With the hypothesis Aparticleswith irregularedgesare generatedyith the hypothesis Bparticles
with acubic shaparegenerated.
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A possibleprocedureof generation could be the next [64]:

1. Calculate the volume of ggegats belongingatthe class of larger diameter

2. Generate a random number uniformly distributed between 0 atal @finethe size of an
aggregate.

3. Calculate theaggregatevolume generated and subtract it from the tetgdjregates/olume

within the class.

4. Repeat steps 2 and 3 until the aggregate volismet sufficient for the generatioanother
particle.

5. Repeat all steps for the smallext classand then again gradually for the otlodaiss up tothe

last particle of the smallest class

3.3.33 PLACE PROCESS

The placeprocess reproduces the geometric configuration of the generic concrete volume, to
represent the basic featurafsreal material The aggregates spatial distribution must be as possible

homogeneous and isotropic.

The onfiguration of concrete volume must be randpggnerated and it can have arbitrary shape.

When a particle is inserted into tbencrete volumés position is defined by ancoordinate

Two conditions must be satisfied to place a particle firea podiion within theconcretevolume
no overlap with the other particles, and each particle must be completely coveredmiiiimam
thicknessof cement mortarThis implies a minimum distance between the edge of each panmidle
the sampleboundaryand between two adjacent particles. Of course teenentmortar thickness
betweentwo particles varies with thaggregatesontent it is smaller wha the overall content is
higher.

In the following representation [64] the minimum thickness of cement mortarresesyd with an
arbitrary 0 parameter. Its values in function ofthe total volume, anaf the generic particle
diameter.

Fig. 5- PlacingProcess

At the bednning of the placement proceasn i ni t mwast be chosenall thee are difficulties
with the particles placing process, the 0
entirely until all particles will be placad the concretesample

In figure 6 there is an example of 3D corerstructure. The structure was randomly geedravith
different particle size.

32

v al



Fig. 6 - 3D representation afoncrete volume

3.3.34 1TZ SIMULATION

ITZ physical characteristics are knofwom the analysiperformed on themysually thel'TZ elastic
modulusis equal to 50% of theement pastelastic modulus

Literature shows different finite element models for the modelling of ITZ areas, they can be
classified as follows:

- Finite element standards with a small thickness;

- Elementswith a plane of weakness interface direction;

- Linkageelementsin which are considered the connections betwkenpposites nodes;

- Interface elements in which thedesdisplacementn front of theothernodesare the primary
variables of deformation.

In general2D line interface elementor 3D surface ingérface elemenisare usedo connect two

solid elementsas shown in figure 7. The major difference compared to solid elements are the
kinematic equations and the constitutise. In both the representations thedesnumberdepends

by personal choice [656].

1

(a) line nterface element (2D) (b) surface interface element (3D)

Fig. 7- ITZ Simulation: 2D (dx) and 3D (sx)
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Figure 8 shows an example ofiesosopic scale discretization ofoncrete specimeng~or
aggregatesa standard geometttyas been useand for ITZ zone,a zero thicknessand tiangular
elements at and 4 nodesvere used

A linear elastic behaviowras considerefb8].

(¢) (d)

Fig. 8 - Mesoscopicscalediscretization

Recycled concrete is a material with heterogeneous behaviour having a not easily predictable
performance. It is influenced by many paeters (nature of the original aggregates, quality and
guantity of the adhering mortar, bond between old and new mortar, mix design and packaging
conditions) which determine different break mechanisms in the transition zone, and from which
depend the mechial performances of the material.

An important development and future impulse for this research may be represented by the
modelling at the finite elements, which is useful in understanding the complicated physical and
mechanical phenomena that take placthe recycled concrete.
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Chapter 4 Properties of fresh and hardened structural
concrete made with coarse and fine recycled
aggregates

4.1 INTRODUCTION

The concrete industiynpacts stronglypn natue andconsumption oénergy resources.

The excessie exploitation of borrow pits and the extreme use of natural camgks a gradual and
inevitable depletion of thesesources

During the lastew years the increasing environmeraalareness hasspired numerous paysand
studies focused on concretade withrecycled aggregates.

After a detailed analysis of the stusligresented in the specialized literaturésipossible to state
that the concrete made with coarse recycled aggredgatscompletely or partially replacing
natural ones, has mecheal propertiessimilar to thoseof normal concrete made with natural
aggregates, andhis representa very interesting future opportunity to start the production of-high
resistance concrete using the same envirorafigisustainable technique.

The use ofine recycled aggregates for the same purpose hagtimenstudiedfrequentlysince it

is a common conviction that the high water absorption connewitddthis solutionmay create a
deficit in the final mechanical properties of the concrete.

All of theseresearch and studctivities have produced a large number of laws and reguldtiahs
are validfor the presenthut these provisions limit the use of coarse recycled aggregates and forbid
the use of fine recycled aggregaiteshe productiorof structural concrete.

This chapterdescribesthe mechanical properties of concretede with different replacement
percentageof fine and coarsand only coarseecycled aggregates. The recycled aggregates were
taken from an authorized storage site, the EBrtinompany(Iglesias in Sardinia).

All the mixes of recycled concrete were produced so as to ensure workab8itymiautes from
mixture of the fluid or semifluid type. This workability is suitable for immediate production in
concrete plants, transpart cement mixers and simple implementation. The need to ensure this
workability caused slight differences in the amount of water and additive used in the mix.

An ordinary control concretior the comparison testgas employed

All the concretes were madbg Italcementi located in Quartucciu, close to the Cagliari area.

The main results obtained from the research concern the workability of the fresh coiterete,
compression and tensile strength, elastic modulus and thdestructiveultrasonictestsof the
hardened concrete.

4.2 EXPERIMENTAL CAMPAIGN

4.2.1 PROPORTIONS AND COMPOSITIONS OF THE CONCRETE MIXTURES

The cementdopted in this work is a 42.5 1l Alla waterbased additivesuperplasticiseAxim

Driver 2E and Creative L Axinwith acrylic poymerswas usedThe additive Axim Driver 2E was

used in the first 8 mixes (produced in April 2010). For the remaining 3 mixes (produced in April
2011), the additive Creative L Axim was used since it was available at that time in the Italcementi
concrete @nt. It is to be noted that the former has an additive power roughly twice that of the latter
so the amount of Creative L Axim was increased accordingly. Both the additives ensure the
maintenance of workability and high performance of the concrete.
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After that the recycled aggregates were moved from Ecoinerti (located in Iglesias) to Italcementi
(located in Quartucciu Cagliari). The mixtures to realize the recycled concrete were prepared with
the use of coarse and fine recycladituresfrom 1 RC to 8 RC with RA1, RA2, RA3 mixed
together andnixturesfrom 9 RC to 11 RCwith only RA4) and natural aggregates (NA2) in 11
different combinations.

Fourmixtures(from 1 RC to4 RC)were made using fine and coarse recycled aggregates, the others
were madavith only coarserecycled aggregates. Moreover a referermecretemixture was made

with natural aggregatd<ONC made with NA2)

In the annex1 it is possible taseeall the specificatios and the particle size distributiornd the
mixturesthat were usd

It was decided not to include silica fumes and flg s that the analysis considers exclusively the
effects of the replacement between natural and recycled aggredatels. 4.1 shows the
specificationsf the 12 concretmixtures.

Fine Coarse Fine Coarse
aggre@te aggregate recycled | recycled
Kg/mc Kg/mc
N° Dmax .
recycled alc Qddlt' cement Water Nat. Ric. Nat. Ric. % sostit. | % sostit.
g/mc Lt
aggregates
0 NC 0,54 | 2,10 425 190 914 0 892 0 0 0
1RC 16 mm 0,54 | 2,80 425 190 0 883 0 851 100 100
2RC 16 mm 0,54 | 2,10 425 190 183 707 178 682 80 80
3RC 16 mm 0,54 | 2,10 425 190 458 442 446 426 50 50
4 RC 16 mm 0,54 | 2,10 425 190 733 179 713 170 20 20
5RC 16 mm 0,54 | 2,10 425 190 914 0 0 852 0 100
6 RC 16 mm 0,54 | 2,10 425 190 914 0 178 682 0 80
7 RC 16 mm 0,54 | 2,10 425 190 914 0 446 426 0 50
8 RC 16 mm 0,54 | 2,10 42.5 190 914 0 713 170 0 20
9RC 25 mm
(RA4) 0,57 | 2,80 425 200 915 0 0 852 0 100
10 RC 25 mm
(RA4) 0,57 | 3,50 42.5 200 915 0 438 419 0 50
11 RC 25 mm
(RA4) 0,57 | 4,20 425 200 915 0 612 253 0 30

Table 4.1i Concrete composition (kgfn

The natural and recycled aggregates should be put into the mix in saturated surface dry conditions;
in this state the aggregates neither release nor absorb lmatermal practican a concrée plant

this condition is reached immediately afteixing.

Due to their high absorption, the recycled aggregates should first tsatprated (immersed in

water and then drained) and then added to the concrete mixer. This theoretically recommended
pracice is often found to be unreliable.

In fact, during presaturation the recycled aggregates may hold an excess of water which would
inevitably be released into the concrete mix with a consequent increase in the W/C ratio. The excess
of water makes the tngition zones more porous and thus weaker, thus compromising the final
strength of the concrete.

In this experimental campaign the recycled aggregates were introduced into the mixtures following
the same criteria applied in the concrete p{émtcement) for natural aggregates, which is to say
using the aggregates with no prior presaturation, since in practice this operation is totally
impossible. In general, aggregates are divided by grain size and stocked in the open air. For the
mixing of concrete theare taken from their mounds and transported on belts to the concrete mixer.
Prior to their placing in the mixer their humidity and absorption are measured according to the
regulations in force. The saturated surface dry condition is present when humidiuals
absorption.
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In almost all cases the recycled aggregates used in the mixes had an absorption higher than
humidity and were thus in unsaturated conditions (see the technical tables of the mixes present in
annex 1).0n the basis of these data, @gram written for the study of ordinary concrete mixes
calculated the amount of water necessary for the mix and saturation of the aggregates. In some
cases the presence of recycled aggregatéh their different times and absorption capacities
comparedo natural aggregatesvidently determined the need to adjust the mixing water with the
addition of small amounts of water so as to ensure the necessary workability and compactability for
transport and implementation.

4.2.2 PREPARATION OF SPECMENS

For each single mixture with coarse and fine recycled aggregates (1RC, 2RC, 3RC, 4RC) and for
the ones made with coarse recycled aggregaths( 5RC, 6RC, 7RC, 8RC), 6 cubical specimen
were made (18150x150 mm) to perform tensile andubic compression tés (3 specimenfor

each experimentaés), 3 cylindrical specimens (diameter 7 mm and height 20 wene made and
tested to identify the elastic modulus and cylindrical compression strength. All the specimens
underwent a nedestructive evaluation usingtrasonic waves. For each mixture made with coarse
recycled aggregatemly (9RC, 10RC,11RC), 6 cubical specimemere made (18x150x150 mm).
Compression and tensitests, were performed on the3rspecimens for both tlenaly®s (this part

of experimertation was mad@ according tadhe studies done at the University of Paris described in
Chapter 3)In total 90 specimensf recycled concrete were made.

All the specimens were formewth stripping from the concrete castiaffer 24 hoursand aged in

water (20°C) for 28 days. Table24shows the laws and trspecificationsfollowed during the
experimental campaign.

Test Normative
Compressive strength |  UNI EN 123903:2003
Tensile strength UNI EN 123906:2002

Elastic modulus UNI 6556:1976

Table 42 - Specifications followedor experimental analysis

Beforepackaging of specimensor all the fresh concrese¢he lowering athe slump cone (Abrams)
after 5and30 minutes was measured.
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4.3 RESULTS OF ANALYSES

Table 4.3showsthe aveage values of lowering at the slump cone (Abratiree t =5 and t =30
minutes, the values of tleaibical (Rc) and cylindrical (fc) compression strengtievalues of the

tensile strength (fct) and thvalues of theelastic modulus (E¢jor each miture.

NE Sl ump SI ump Rem fem fetm Eem
mm mm MPa MPa MPa MPa
0 NC 210 160 45,36 47,87 5,47 26869
1RC 220 220 41,60 34,00 3,77 21176
2RC 200 150 37,07 35,04 4,23 21775
3RC 220 160 36,97 37,05 4,53 22994
4 RC 210 190 40,33 41,42 4,50 25613
5RC 210 170 38,75 37,88 4,13 23787
6 RC 200 100 42,51 40,44 4,43 25265
7RC 205 120 43,43 45,32 4,33 26626
8 RC 205 150 43,86 45,78 4,43 26150
9RC 210 210 53,47 - 3,48 -
10 RC 230 150 43,93 - 2,96 -
11 RC 230 160 42,83 - 3,08 -

Table 4.3 Expeimental results

4.3.1 CONCRETE WORKABILITY

Workability is the capacity offresh concreteto mowve and compact itself. These are both
fundamental features because they are very impardacilitating transportationyemoval of air

pockets ensue the maximum possible density anmerfect connection with the reinforcement.

To produce commercial recycled concrete so as to ensure facility in production, transport and
implementation, all the mixes were made with suitable workabilityh a fluid or superflul
consistency class (Table 4.4).

sectionandcomplexgeometry

Class ofconsistency Slump (mm) Use
S17 humid soil 1040 Concretepavements
S2- plastic 50-90 Circularstructures
S3- semifluid 100-150 Structureswithoutreinforcement
S4 - fluid 160210 Structures with a littleeinforcement
S5- superfluid >210 Structureswith alot of reinforcementwith small

Table 4.4i Class of consistency

Figures 112 show the slump after 5 and 30 minutes of most of the mixtures. In Figures 13 and 14

theslump of the reference fresh concrete after 5 and 30 minutes is shown.
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Figgl-Sl ump 80% coarse and fine recycled aggRrRCgates + 20%

Fig. 2 - Slump 80% coarse and fine recycled aggregates + 20% coarbeiande nat ur at2R@ggregates,
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Fig.3-Sl ump 50% coarse and fine recycled agg3BRegate + 50%

Figg4-Sl ump 50% coarse and fine recycled aggBRCgate + 50% c
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Fig.5- Sl ump 20% coarse and fine recycled agg4R€Egates + 80%

Figg6-Sl ump 20% coarse and fine recycled aggt+4dB@Qates + 80%
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Fig. 7 - Slump 100% coarse and fine recycked) g r e g-dRG

Fig.8-S | ump 100% coarse and -fLRCne recycled aggregat
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Figg9-Sl ump 100% coarse recycled-58ggregates, fine to

Fig.10-SIl ump 100% coarse recycled -8Rfgregates, fine to
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Evenwhenthe recycled concret@as madewith different replacement percentagd coarse and
fine or only coarseecycled aggregates in place of natwaks the workability after 5 minutes
from the packaging the samas thabf the ordinaryconcreteas shown in Figure 15.

This fact is fundamental for use of the product, for its economic feasibility and for its
transportation, avoiding damage to the machinery and at the concrete plants.

The workability after 30 minutes for all concretes maalith only coarse recycled aggregates
decreasefor replacemenpercentage between 50 and 809%laswnin Figure 16.

The concretes made with coarse and fine recycled aggregate®dhery good valuedor the
workability and compactioof all the mixturesup tofrom the onemade with80% of replacement
percentage buhe mixture with 100% of coarse and fine recycled aggregateguwitasragmented
afterboth5 and 30 minutes, as shown Figures 7 and8.

Generally speaking, the concrete made with coamgk fme recycled aggregates maintained a
workability of fluid or superfluidtype §4/S9.

This is a very good result because most concrete construatidnrequirea workability between

S3 (semifluid) and S5 (superfluid).

In Figure 17 the plot shows tliredex of loss workability IL, defined by the ratio betwae slump

at 5 and 30 minutedlormal concrete usualkgsultsaround IL = 076.

As can be seen, the concrete made with coarse and fine recycled aggregasdselsasimilar or
greaterthan thoseof ordinary concretethe concrete made with only coarse recycled aggregates
with replacement percentagef 50 and 80% have a reductionthe IL indexbetween 0,&nd0,5.

Figure 18 shows the values of slumps after 5 minutes for the fresh concretewithadiéferent
replacement percentages of only coarse recycled aggregates with dmax 16 mm and dmax 25 mm.
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Fig. 15- Slump at 5 min for fresh concradenax 16 mm
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Fig. 18- Comparison between slump at 5 min for all mixtures made with only coarse recycled aggregates

In general, hese results show differences in workability at 30 minutes between mixes with only
coarse recycled aggregates and those with coarse and fine recycled aggregates for all replacement
percentages. The introduction of the fine recycled fraction, charactéryseery high absorption

power, made it possible to obtain recycled concretes with high workability and compactability even

at 30 minutes, very similar to those of conventional concretes.

This phenomenon may be attributed to the times and dynamics of @tsapthe fine recycled
aggregates, also due to the presence of grains composed of mortar only.
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4.3.2 COMPRESSIVE STRENGTH

4.3.2.1 CONCRETE MADE WITH C OARSE AND FINE AND ONLY COARSE RECYCLEDAGGREGATES (1-8 RC)

The mechanical behaviour of coate is influenced by many factors; the key rolegdgregates is

clear because by itsetfoccupesmore than two thirslof the total volume of concrete.

The compressive strength was evaluated using cubical and cylindrical specimens aged for 28 days
at ormal hermohygromertc conditions.

In Figures 19 and 20 the compression strength for the cubical and cylindrical spscaren
reported for different replacement percentages of recycled aggregates.

Both the cubical (Figure 19) and the cylindrical (Figa@f® strength of the concrete made with
coarse and fine recycled aggregates lower compared to the reference concrete and the concrete
madeonly with coarse recycled aggregates. The gap incogasehigher replacement percentages

of recycled aggregate place of natural ones. The reductions in stremgth then 16% for cubical
strength and 26% for cylindricatrength

The cubical and cylindrical strength of the concrete made with only coarse recycled aggrvagates
slightly lower thanthat of normal concrete; if the replacement percentags less than 50% the
largestreduction detected was 5%.

Using only coarse recycled aggregates with 100% of substitution the cubic strength dittrnease

8% compared to the normal concrete e3@reductionswere limited and coherent with the ones
detected in some other scientific papers

It is important tonote that the maximum loss in the cubic strength of the conenetgewith a
replacement percentage 0% was 15%, ashownin Figure 21, buthe Los Angeles teshowed

large differences in the measured strength values between the recycled and the natural aggregates
with a peak of 88%.

Thus itis possible to state thptobablythe compression cubical strength of the recycled concrete
was only partiallyaffectedto the strength of the recycled aggregates.

On the other handhe cylindrical strengthwvas more sensitive to the recycled aggregates used: It
was observed that when only coarse aggregates are used, the reduction in strength reaches 20%
(Figure 21).
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The introduction of fine fraction caused a reduction of both cubic and cylindrical strengths, for all
replacement percentage. Nevertheless the resistances obtainedidfer gtructural concrete.

The ratio between the cubical angliedrical compressive strengthias close to the one suggested

by the EC2 for the concretd class C30/37 (fck / Rck = 0,81). This is reported in Figure 22isand
independentf the replacment percentage
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Pictures from 23 to 27 show the compressive failure of some cylindrical specmasies with
differentpercentags of recycled aggregates.

In some casesgontrary to what happenssually the cylinder compressive strength was greater than

the cubical. This fact could be due to the cylindrical specimens that were not of standard size and
that were obtained by probimgerations. The use of n@onventional cylindrical specimens it was
necessary for the characteristics of the machine wherein the mechanical tests were performed. In
addition, the compressive strength test was performed after the cycles of loadingoaaihgrfior

the elastic modulus evaluation.

Fig. 24- Compressie test on specimen made w@@% of coarse and fine recycled aggregat®0% naturals

5C



Fig. 26- Compressie test on specimen made with0% of coarse recycled concrete
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Fig. 27- Compressive test on specimen of hormal concrete

4.3.2.2 CONCRETE MADE WITH COARSE RECYCLEDAGGREGATES(9RC, 10rRC, 11RC)

Compressive strength was evaluated on cubical specimens aged for 28 days at normal
thermohygrometc conditions.

The plot in fgure 28a shows all the cubical strength values for specimens with different
replacement percentages of coarse recycled aggregates with a maximum dan&&gemm,
labelled 9RC, 10 RGand 11RC, against the cubical strength vauer the refeence normal
concretejndicatedwith the abbreviation ONC.

It is easy to see thé#te recycled concreteshow cubical strengthcomparable with thse of the
specimes made with the reference concrelfbe gap is more or less 4%

As concerns the concretesade with only coarse recycled aggregates, the values of the Rc/RcO
ratio between compression strength of recycled concrete and that of ordinary control concrete with
variation in the replacement percentage are shown in Figure 28.b. As can be seenethefuibk
Rc/RcO ratio obtained for the concrete produced with recycled aggsegde a maximum
diameter of 25mm (9RC, 10RC, 11RC), are very similar to those for the concrete made with
aggregates having a maximum diameter ofté (5RC, 6RC, 7RC, 8RC).

The Los Angeles test of the recycled aggregates with dmax = 25 mm gave LA equal to 25. This is
an important fact because LA = 25 is a vatpete similarto the one obtaied for the natural
aggregates, and it is very far from th& averagevalue measuckfor the recgled aggregates with

dmax 16 mm equal to 37.

Theseexperimentalresultsclearly indicate that the cubical compressive strength of the recycled
concrete is only partially affected by the mechanical features of the recycled aggregates used.

These results are important because they show a constant trend of recycled concrete compressive
strength for all replacement percentages, even if vary the physical and mechanical properties of
recycled aggregates used.
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4.3.23 CONCRETE MADE WITH 30%OF COARSE RECYCLED &GREGATES

Figure 29.a and 29.b show the data extrapolated from 30 different scientific papers on the
determination of the cubical compressive strength of concrete made with coarse recyegdtaggr

with a maximum replacement percentage of 30%, together with the experimental data obtained in
this work in compressive strength tests of recycled concrete with the same replacement percentage
of substitution equal to 30% , using only coarseregdes (red markers, labell&@RC and 11RC),
compared with ordinary reference concretes.

The differences are slight very small and often not very appreciable (Figure 29.a). The percentage
of reduction of these values taken into account are between 2% an&igde 29.b). As a
consequence of the tests on our specimens and the results of the comparative analysis with the data
extrapolated from international literature, it is possible to state that when the replacement
percentage of coarse recycled aggregatksver than (or equal to) 30%, the mechanical strength of

the final concrete igery similar to the ordinary ones.

For the results obtained in this study, the limitation presented in the DM 14.01.2008, which
providesfor the use of only coarse recyclegigregates up to 30% in replacement of natural
aggregates for structural concrete of class C30/37, appedrsexcessively precautionaryhus

limiting the potential fothe recycling of concrete and increasing the scepticism about this practice

of packaing.
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4.3.3 TENSILE STRENGTH

4.3.3.1 CONCRETE MADE WITH CO ARSE AND FINE AND ONLY COARSE RECYCLED &GREGATES(1-8 RC)

Tensile strength values were evaluated witlnairect test on cubic specimens, 3 for each mixture,
aged for 28 days at standahermohygrometic conditions.

From figures 30 and 31 iis possible t@eethat tensile strength is not influenced by the presence of
fine recycled aggregatesdeed,the average values of the concretes made with coarse and fine
recycled aggregates acemparable to the ones obtained for the concrete made with only coarse
recycled aggregates.

Moreover a comparison between the recycled and normal consheteredthat tensile strength
decreasg when the replacement percentage of the recycled aggregatesse.

The decreas in tensile strength reactie81% with a 100% replacement percentage of coarse and
fine recycled aggregates and reatl25% with a 100% replacement percentage of only coarse
recycled aggregates.

With replacement percentages up to 80&mny casebeyond the limitsestablishedy the Italian
code, the average reduction tehsile strength between the reference and recymedrete wa
equal to 20% (Figuse30 and 31).
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4.3.3.2 CONCRETE MADE WITH CO ARSE RECYCLED AGGREGTES (9RC, 10rC, 11RC)

Tensile strength asevaluated witranindirect tensile strengtteston cubical specimens, 3 for each
mixture, 28 days aged at standdrdmohygrometic conditions.

FromFigure32ait is easy tseethat the tensile strengtii the recycled concres®RC, 10 RCand
11 RCis inferior to the valuesof tensile strength achieved foeference normal concretén
average decrease 40% compared to theeference normal concrete were obtained

6 Ordinary concrete
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Fig. 32a- Tensile strengthwvith the varyingof therecycled aggregatesplacement pecentage
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percentage

The comparison between values of fct/fctO ratio for all corsretade with only coarse recycled
aggregate shows a constant trend of tensile strength for all replacement percentages, but in this case
it seems to affect the maximum diameter of aggregate, in fact the average ratio is equal to 0.8 when
the dmax used is6lmm, and 0.6 when the dmax used is equal to 25 mm, (figure 32. b).
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4.3.3.3 POSTFRACTURE ANALYSES

After tensile fracture, all the specimens made with only coarse recycled aggregates underwent a
visual examination performed to highlight the diffdremternal fracture modes.

In the Figuresfrom 33 to 37it is possible to see the fracture modéxubic specimendifferent

colours were wu=d to flag the various fractureodes encountered.

The green lines indicate the fracture due to detectiof the mortar from the aggregate. The blue

l ines mark the failure of the aggregaithmds and
the joint fracture of mortar and aggregate.

As can be observed from t he pi catsedrbgdstacimenth e 0
between mortar and aggregate, decr@¢ageen the amount of recycled aggregates atbtef the

natural ones increaseth fact, when the replacement percentage about 30% this failure mode

was predominantbut when the percentage obad up to 100% this failure mode&as no longer
detectable. The number of the other two failure modes (red and blue lines) were found to be
constantvith the variatiorof the percentage of substitution.

It appeas that the concrete made with the lowestlaepment percentage of recycled aggregates,
when the characteristics of the natural aggregates and the respective interfaciakez®ne
predominant, the rupture occed mainly by detacimentbetween mortar and aggregates.

But in general, for replacemenggeentages of recycled aggregates below 100%, it is impossible to
understand if the aggregates visible owing to detachment of the adhering mortar are the natural ones
introduced into the mix or the recycled ones from which the old mortar has becomedletache

While from the comparison between the break of the specimens made with 100% coarse recycled
aggregates we can see that in general the yield plane presents the clear fracture of most of the
recycled aggregates and not their detachment from the cemex. milts occursboth with test
piecesmade withrecycled aggregataesith a maximumdiameterof 25 mm and withthosewith a
maximumdiameterof 16 mm.

This is probably caused by the double transition zone present in the recycled aggregates and by the
greaer adherence between the old and new mortar produced by the irregular shape and rougher
texture of the recycled aggregates compared to natural aggregates (Chapter 3).

In fact, the original stone elements of the recycled aggregates should have a ressiahtze of
supporting both the greater adherence and the influence of the double transition zone (ITZ).
However, for all diameters used the results obtained demonstrate that the latter probably do not
possess such resistance and this, together with thoe pa@jpsity of the ITZ, may be at the base of

the reduction in strength that normally characterises recycled concretes.

Fig. 33- Specimeraftertensile test, 100% of coarse recycled aggregates
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Fig. 35- Specimeraftertensile test, 50% of coarse recycled aggregates

Fig. 36 - Specimeraftertensile test, 30% of coarse recycled aggregates
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Fig. 37- Specimeraftertensile test, 30% of coarse recycled aggregates

4.34 ELASTIC MODULUS

The elastic modulus of concretedksely connected tanechanical propertieshe shape and the
sizeof the aggregates used.

In this work several measures of the elastic modulus were performed on cylindrical specimens, 3 for
each mixure, aged 28 days at standahdrtmohygrometc conditions.

Figures from 38 to 43 show some of the specimens tested. Each cylinder was equipped with 6
differentlengthgauges placed gsescribed byhe Italian code.

During the experiments the readingslerigth gaugalisplacements was performed using a digital
reader characterized by centesimal precision.

In the same Figures (38) it is possible to see the superficial differences trel different
concentrationsof the aggregates for all the kmaf concrete used during the experimental
campaign (different replacement percentagef fine and coarseand only coarserecycled
aggregates, and ordinary concrete).

Fig. 38- Cylinder specimens made wiftd0% of coarse and fine recycled aggregates
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Fig. 39- Cylinder specimens made wiB0% of coarse and fine recycled aggregates + 50% naturals

Fig. 40- Cylinder specimens made wig0% of coarse and fine recycled aggregates + 80% naturals
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Fig. 41- Cylinder specimens ade with100% of coarse recyadeaggregates

Fig. 42- Cylinder specimens made wi0% of coarse recycled aggregates + 50% naturals
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Fig. 43- Cylinder specimens made with ordinary concrete

The plot in Figure 44learly showsghat the elastic modulus of the concrete made ontly coarse
recycled aggregates is comparable to the ordinary concrateplacemenpercentages up to 50%,

while the elastic modulus slightly decreasghen the percentage of substitution tendsatals

100%.

A different Ec value was found for the conerehade with coarse and fine recycled aggregates
which have a smaller elastic modulus than the ordinary concrete and the concrete made with only
coarse recycled aggregates.

The reductions of the elastic modulus of the recycled concséte different replaement
percentage compared to the ordinary concretee shownn Figure 45. The maximum reduction
found is about 20% for the concrete made with coarse and fine recycled aggregates while a
negligible reduction was measured (10% maximum) when only the ceassted aggregatesere

used.
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Fig. 44- Elastic modulusvith the varyingof therecycled aggregatesplacement percentage
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Concerning the correlation between the elastic modulus and the avesdigerical compressive
strength, the equation proposed by the EC2 for ordinary concrete was found to be valid for all the

o

0,3
recycled concretgtestedE,_ = 0,70@2200( 1°88
(; =
In fact the elasticmodulus evaluated experimentallyasvfound to be very close to the one

predictedby the relation (fure 46).
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4.3.5 ULTRASONIC TEST

Non-destuctive test is based on the propagation of elastic longitudinal compressive waves between
two points with different frequencies inside the material:siveic methodemploysa frequency up

to 20 kHzand theultrasonicmethod a frequencgbove20 kHz.

The key factor is that the propagation of the waveglasely connected to the properties and
features of the material tested. The changes in the propagation of the waves are generated by
modifications in the mechanical properties of the material [51]. Facrete with the use of
longitudinalultrasonic waves its possible to obtain very important informatsrchas:

Concrete uniformity;

Changes in the mechanical properties of the concrete;
Dynamicelastic modulus;

DynamicPoisson ratio;

Individuation ofdefects and flaws;

Percentage of voids;

Good estimation of the strength of the concrete;
Thickness of the damaged concrete;
Superficialcrackevaluation [52].

O O0OO0OO0OO0OO0OO0OO0O0

The common application of this technique is based on the measure of the apmesticroughthe
specimens The standard[EN 125044 2004] suggestworking witht h &echfiquesof Direct
Transmissiormechniqueg D T TThedtestsequiretwo device: 1 transducer and 1 receiver placed
on the opposite side. By means oés$ktwo devicesit is possible to measure the transit time T,
which represergthe time requied to go through the specimerheldistance between the transducer
and the receivemamed length L. The speed of the wave is then computed using thé/fatio
Figure 47 schematicallshowsthreeof the possible configuratiendirect semidirect and indirect.

= = . et et

|| N

Fig. 47 - From left to right: position of the transducer for diresetmidirect, indirect technique

In this work the direct transmission technique was performedges 48 cubical and 24 cylindrical
specimens made with different kdf concretes made with different replacement percestafye
aggregates: natural , coarse and fine and coaige

All the data weremeasuredalong the chosen paths and points (oneeiach side of the cubical
specimens, andix different point on eachlateral surfaceplus two on the bassof the cylindrical
specimenk All the results are reported the annexX.

The setip used during the experimental testas been assembled in tibepartment of Civil
Engineering, University of Cagliari and the componevere:

1 A wave generatoiellemann Instrumenjso causehesignal

1 A digital oscilloscope, Vellemann Instruments, to see the signal aitd émalysis;

1 A couple of piezoelecttitransduces (with a frequeng of 54 kHz) for the transmission and
reception of the signal

1 A PC, withdedicatedsoftware for theacquisitionand use of theignal

Figure 48 shows the experimensatup
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Fig. 48- Experimental Setip Schemel) PC. 2) Signal Generator. 3) Oscillogeo4) Transducers. 5) Specimen

Figures 49, 5@&nd51 showthe average transit speed for differeztycled aggregatesplacement

percentagefor cubical and cylindricapecimens.

It is clearly shown that thaverage transit speed signal wgste similar for all the specimens
tested, thus for the transit speed, it woafipearthat the recycled concrete havehaviour quite

similarto ordinary concrete.
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Chapter5  Conclusions

5.1 RECYCLED AGGREGATES
The experimencarried out on recycled aggregates showed that:

A The shape, size and texture of recycled aggregates, as welisagngwith a jaw crusher,
influence the amount of cement mortdheringto the original aggregateThis means that iis
generallyquitevariableso thatt is impossible to estimate in advance.

The recycled aggregates we tested, with maximum diameter of 16 mm, ureelenly distributed
attached cement mortadhering to the original aggregate fact, the original aggregate wasften
perfectly visible and with entire zones clean and free from old cement mortar, while the recycled
aggregate with a maximum diameter of 25 rhad an evenly distributed attachezement mortar
adhering to the original aggregate tlthahthe other ones.

In both caes, the fine fraction possedseconsiderablamountof free cement mortar. In fact, due

to the crushing of concrete a high percentage of fine material may be composed of cement mortar
alone, completely detached from thréginal aggregate.

A The particlesize distribution immediately after crushing, for diameters between 0 and 16
mm, is almost constant, eveghoughrecycled aggregateme come from different concretes with
completely unknownorigins. In addition, the particle size distribution of recycladgregates
immediately after crushing, for diameters greater than 4 mm, is in line with the ideal curves for
natural aggregates. Insteate particle size distribution is highly variable for diameters smaller
than 4 mm.

It can be said that the qualitpétype of concrete used to produce recycled aggregates do not affect
particle size distribution.

A In generalwater absorption Wa2# higher for recycled aggregates tHan natural ones.
The increase is caused llye presence of cement mortar adheriiogoriginal aggregates and
appears to be independentlod quality oftheoriginal concrete.

In genera) fine recycled aggregatesbsorb more watethan coarse recycled aggregatesisTis
probably because a considerable partha fine fraction is compsed of only cement mortar,
characterized by an absorption significantly higher than the aggregates.

This fact leads to significant difficulties in their characterizafoocedureand for using them to
packagehe recycled concrete.

A Due to the presence oément mortar, with a porosity greater than natural aggregates, there

is a decreasm recycled aggregate density comparedatural ones.

The bulk densityr a of the recycled aggregates we tested is similar to that of natural aggregates,
with a downwardrend, especially for the coarse aggregassyell aghe values retrieved from the
specialised literature considered.

The saturated surface dry dengigsd is variable for natural and recycled aggregates, for the ones
we tested and for the otlsaxtrapolatedrom the literature.

In recycled aggregates the reaching of the saturated surface dry condition presents great difficulties
and often represents an unknown factor due to the presence of cement mortar (adhering to the
recycled aggregates) having different structure and major porosity compared to natural
aggregates. Furthermore, its amount is extremely varidelgending on thevay in which it is
crushedAll this may explain the obvious dispersion of the results obtained.
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A Recycled aggregates lehigher values of LA compared to natural ones. For the aggregates
examined, with a maximum diameter of 16 mm, this increase is considerafaet, they have an

LA average value equal to 3The LA average value of natural aggregates is equal to 21th®n
other handthere is a slight increada the LA value for recycled aggregates with a maximum
diameter of 25 mm, for which we obtained an LA value equal to 25.

This fact is probably due to different reasons; theseliglya strong dependenon strergth, shape

and texture ofthe original aggregates, the quantity of mortar them and the strength athe
connection between aggregate and cement mortar.

ThelLos Angeles Test is based on evaluatiothefcrushed part subtractédcbm theoriginal mass.

It is known thatthe crushing resistance of cement mortar is significantly lower tian of
aggregatein fact, duringthe fragnentation test, the cement mortar surrounding the granules was
almost completely destroyed. At the end ahe LA test the originalaggregates weralmost
completely freeof the cement mortar.

A The flattening index is variable for both natural and recycled aggregates

A In general, recycled aggregates show a loss of resistance greater than natural ones, when
subjected to freezing andawing cycles

k*kkkkkkkkkk

The results obtainefilom characterization of fine and coarse recycled aggregates, drawn randomly
from a storage siteshow a variability in line withwha usually occurs irthe characterization of
natural aggregates, espaly for coarse aggregates.

The CE marking of recycled aggregatesm concreteonly, now completely absent in Sardinia,
appears to ba feasible goalHowever,a complete reorganization of demolitioangpanieswith
selective demolition and sepaoat of C&D wasteis essential, together with reorganization of
authorized storage sites.

5.2 RECYCLED CONCRETE

The experimental investigation conducted on recycled concretes made with fine and coarse recycled
aggregates and only coarse recycled aggregdtesjed that:

A Workability after 5 and 30 minutes of fresh recycled concrete, made with fine and coarse
recycled aggregates, is similar to that of ordinary concrete. With a replacement percentage in
substitution of naturals between 30% and 80%, it maindeaneorkability of the fluid or superfluid

S4/S5 type.

It can be said that these mixtures, for their workability and compactability, are transportable and
usable in practice, while the mixtures with 100% of fine and coarse recycled aggregate are highly
disaggregated and not very operable in general.

The workability of recycled concrete made with different replacement percentages of only coarse
recycled aggregateafter 5 minutes from the packagirsgvery similar both to the one measured for
recycled con@te made with fine and coarse recycled aggregates and to ordinary concrete.

The workability after 5 minutes of the recycled concrete made with only coarse recycled aggregates
is usually of the fluid or superfluid type, while the workability after 30 n@autndergoes a strong
reduction for replacement percentages exceeding 50%. The use of mixtures made with only coarse
recycled aggregate for replacement percentages above 50% is possible only by means of an
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optimization of the water content of the mixtugesd of the type and amount of additive that has
been used.

It is evident that the introduction of the fine recycled fraction, characterised by very high absorbent
power, made it possible to obtain recycled concrete with high workability and compactslity

at 30 minutes, very similar to those of conventional concrete.

This phenomenon may be attributed to the times and dynamics of absorption of the fine recycled
aggregates, also due to the presence of grains composed of mortar only.

A It is evident thatn generalrecycled concrete has cubic and cylindrical strengths lower than
normal concrete. This reduction increases when the replacement percentage of recycled aggregate
in place of natural increases.

Cylindrical and cubic compressive strength of corcretde with only coarse recycled aggregates,

for all replacement percentages, is generally higher than that of concrete made with coarse and fine
recycled aggregates.

The cubic and cylindrical strengths of recycled concrete made with only coarse remgtedate

are slightly lower than that of ordinary concrete. For replacement percentages below 50%, the
reduction is about 5%. For replacement percentages equal to 100%, cubic resistance shows a
reduction of about 8%.

The cubic and cylindrical strengths@ncrete made with coarse and fine recycled aggregates has a
mean decrease of 16% and 26% respectively compared to ordinary concrete.

These reductions are quite limited, even when the replacement percentage of recycled aggregate in
place of the natural igery high. Compared to cube strength, cylindrical strength is more sensitive

to the presence of recycled aggregate.

As concerns the concretes made with only coarse recycled aggregates, the values of the Rc/RcO
ratio between compression strength of reaydencrete and that of ordinary control concrete with
variation in the replacement percentage shown very similar values for the different aggregate used.
The reduction of resistance of the recycled aggregates observed with the Los Angeles test, very high
for aggregates with a maximum diameter of 16 mm, is not directly proportional to the reduction of
compressive strength of recycled concrete.

It can be said that the compressive strength, of recycled concrete, especially cubic compressive
strength, is only artially influenced by the strength quality of recycled aggregates.

The correlations proposed by EC2 for ordinary concrete in estimating cylindrical strength in
function of cubic strength adapt very well for recycled concrete for all replacement persentage

In general the results show a constant trend of the recycled concrete compressive strength, to vary
of physical and mechanical properties of recycled aggregates used.

A The tensile strength of recycled concrete is generally lower than that of ordinargteo

Concrete made with 100% of coarse and fine recycled aggregates, with maximum diameter of 16
mm, showed a maximum decrease of 31% and a maximum decrease of 25% when there was 100%
of only coarse recycled aggregates. In both cases, when a replageEreamtage up to 80% was
considered, the average strength reduction was about 20%, if compared with ordinary concrete.
Experimentation showed differences between concrete compressive strength made with only coarse
recycled aggregates and that made witarse and fine recycled aggregates. These are not
appreciable in the evaluation of tensile strengths.

It seems that tensile strength is not influenced by the presence of fine recycled aggregates: indeed,
the average values of the concretes made wittseaand fine recycled aggregates are comparable

to the ones obtained for the concrete made with only coarse recycled aggregates.

The tensile strength of concrete made with only coarse recycled aggregate with maximum diameter
of 25 mm was significantly lowehan that of ordinary concrete.

The comparison between the values of fct/fctO ratio for all concretes made with only coarse
recycled aggregate shows a constant trend of tensile strength for all replacement percentages
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Tensile strength appears to be iefheed by the dimension of aggregates, by the characteristics and
strength of interface areas, but not in a very incisive way by the mechanical properties of
aggregates.

In fact, the tensile strength of recycled aggregate with a maximum diameter of 2Bvamtiough

it has a higher resistance evaluated by LA tests), is much lower than the one characterised by a
maximum diameter of 16 mm.

The comparison between the break of the specimens made with 100% coarse recycled aggregates
shows that in general theilure plane presents the clear fracture of most of the recycled aggregates
and not their detachment from the cement matrix. This occurs both with test pieces made with
recycled aggregates with a maximum diameter of 25 mm and with those with a maximuwetediam

of 16 mm.

This is probably caused by the double transition zone present in the recycled aggregates and by the
greater adherence between the old and cementmortar produced by the irregular shape and
rougher texture of the recycled aggregates coetptr natural aggregates.

In fact, the original stone elements of the recycled aggregates should have a resistance capable of
supporting both the greater adherence and the influence of the double transition zone (ITZ).
However, for all diameters used thesults obtained demonstrate that the latter probably do not
possess such resistance and this, together with the major porosity of the ITZ, may be at the base of
the reduction in strength that normally characterises recycled concretes.

A The elastic modulusf concrete made with only coarse recycled aggregatevergsimilar

to that of ordinary concrete for replacement percentages up to 50%, and undeneegfigiale
reduction of 10% for 100% replacement percentages of coarse recycled aggregates.

The concree made with fine and coarse recycled aggregates had an elastic modulus lower than that
of normal concrete and also that of recycled concrete made with only coarse recycled aggregate. A
maximum reduction of 20% for concrete made with 100% of fine andeoacycled aggregates

was observed.

A Ultrasonic tests showed thidite average transit speed of the signal was quite similar for all
the specimens tested, thus for the transit speed, it would appear that the recycled concrete has a
behaviour quite similaotordinary concrete.

kkkkkkkkkkk

Experimental results show a generally good behaviour of fresh and hardened recycled concrete. In
concrete made with only coarse recycled aggregates, for very high replacement percentages of 50%
and 80%, the differems with the strength properties of ordinary concrete are minimal, and
sometimes irrelevant. In concrete made with fine and coarse recycled aggregates a reduction in
strength was found, but was contained for replacement percentages up to 50%.

In this expennent the values found for the mechanical strength of all recycled concrete are related
to structural concrete. The recycled concrete made with only coarse recycled aggregates maintained
classC35/45 of ordinary concrete, even for a replacement percenit@géw

Concretes made with fine and coarse recycled aggregates went from class C35/45 for ordinary
concreteto one class C32/40, for replacement percentages of 80%.

Evidently, substitution of recycled aggregates in place of natural ones, up to 30%ptloasse
significant changes in the mechanical properties of recycled concretes compared to ordinary ones.
Fine recycled aggregates present more problems compared to coarse recycled aggregates, especiall
as regards water absorption and particle sizeildigiion. Their use in practice is possible if the
dosage of water, cement and additives to be included in the mix is studied in advance.
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The study of the mix in producing concrete, and in particular for recycled concretes, plays a role of
fundamental impdance.

The excellent results obtainéal this experimental workin terms of workability and strength are
probably for the most part to be attributed to the choices made in this stage, mostly as concerns the
choice of the additive and the amount of compéng water added to the mixtures.

The present study has shown that the limitation present in the DM 14.01.2008, which provides for
the use of only coarse recycled aggregates up to 30% in replacement of natural aggregates for
structural concrete of clag¥30/37, appears excessively precautionary.

In conclusion, it can be said that the use of coarse and fine recycled aggregates produced by
crushing of onlyC&D concrete in authorized storage sites, is a real possibility for normadgpagk

of structural coorete, if the reorganization of demolition methods and the restructuring of storage
sites is implemented.

An important result of the experiments performed concerns the possibility of producing structural
concrete using real coarse and fine recycled agggegaming exclusively from the waste crushed
concrete immediately as it comes out of the crusher, without the need to optimise the grain size
curve. However, an optimal mix design must be arrived at, especially as concerns the W/C ratio and
the quality ad quantity of additive used.
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Annexl: Mixture and particle size distributior natural and recycled concrete

ﬁ.B. : Scrivere solo DATA 16/04/10 Zona SARDEGNA Impianto QUARTU Lab. nggfu MiX :  P001 550
nelle caselle gialle !!! | genominaz. Mix PROVE MAT.RIC Rck 30 |CLEsp. XC1  Lav. ? | svuota
Vol. Tot. Aggr. (Kg) = 1734,89 Il pesi u.tot. | ass. litri impasto  => 45 aTE——
Massa AGGREGATI Il ssa TORNA A MIX
Vol.ca A Cava Produzione idi Pesi
ggr.to ava Produzio e umidita umidita esi per AGGREGATI
Lt/mc % Denominazione Frantumazions Kg/me % % tot. ass. superf. Kg/mc impasto s
| 2562 s1 SABBIA FINE MEREU 1,14 Kg TORNA INS |
2,580 s2 SABBIA GROSSA MEREU 1,09 Kg ’ DATI BILANC
2,490 | 354,78 52,0 s3 SABBIA RICICLATA ECOINERTI 883,41 7,72 4,92 68,2 | 43,5 24,7 908,15 40,867 Kg | |
sS4 Kg
2,600 | 327,49 480 _| G1 PIETRISCO RICICLATO ECOINERTI 851,48 | 3,52 4,34 30,0 | 37,0 -7,0 844,50 38,002 Kg \ i |
2,720 S ez PIETRISCHETTO CAGIMA 1,20 Kg Awio 1
2,710 G3 PIETRISCO CAGIMA 1,20 kg | -
G4 Kg
3,04 115,13 CEMENTO 42,5 Il AiL Italcementi 350,00 350,00 15,750 Kg
AGGIUNTA conK:[ 0,2 [CENERE ENDESA Kg
Fibre 1) TIPO/DENOMINAZIONE PRODUTTORE dosaggi additivo event. corretti : Kg Event. Correz.
Fibre 2) TIPO/DENOMINAZIONE PRODUTTORE % Kg/mc Kg
- X DRIVER 2E su CEM ar cc
3 2,59 AXIM 0,80% su CEM+aggiunta 1,00% 3,50 2,80 126,000 gr | 29 cc
B DENOMINAZIONE su solo CEM gr | cc
| | PRODUTTORE su CEM+aggiunta ar cc
- n DENOMINAZIONE su solo CEM B ar cc
[ PRODUTTORE su CEM+aggiunta ar | cc
| | & DENOMINAZIONE su solo CEM = gr cc
1_‘ ] PRODUTTORE su CEM+aggiunta gr cc
E | DENOMINAZIONE | PRODUTTORE [ke ar gr
‘ F | DENOMINAZIONE | PRODUTTORE [ ) ar | cc
| 100 | 1000 | acqua efficace 190,00 982 | 804 | 17,8 [ 172,25 7,751 | ce
10,00 aria% 1,00 tot. :
Totale| 1000,0 ] 100 densita'= 2278 2.278 |
| alc= 0,543 ACQUA DI IMPASTO : 172,25 Lt
alct K*aggiunta= 0,543 alc+ K * aggiunta+Add. Sup. 3 ltme = acqua eff. event. corretta: 190,00 Lt
'PROVA SPERIMENTALE : [ = agiun! | 2 299 = E —J g
TRONA AS‘:&?:;;’}A ALCOOL VOLUM. CONTENITORE Misea Slump/Flow NOTE:
Tara fustella (g ) 859 o 0,0135 volum. tempo mm
Netto fresco (g) 2136 I Tara(g) 4.692 5 210 220
Lordo secco dopo essicaz. (q) Lordo (g) 34.550 30" 210 22
Perdita (%) 140,22 Netto fresco ( Kg/mc ) 2.212 0 =
Acqua Totale (I YR Roza VoL, (Toor. TEN ] 1,03 100% coarse and fine recycled aggregates
H20 eff. () - ass. - it add, | 30207 ; VFUNNEL  sec |
ALC effettivo 8,63 ARIA (%) L-BOX | Dmax 16mm
Temp. . 1
‘emp. CLS (°C) A 199 399 799 499 2899
Temp. Amb. (°C) 21
Massa Volumica
WX DEsan P 001 (550) prove mtrce icia XLS
100 T T T T T T T 111 T T
an = - Bolomey curve
7
L0 .
—  Grading curve /fff
70 — aggregates curve by mix /‘/;
E U . e /
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2[] "-"- ] | KJ/
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N.B. : Scrivere solo DATA 26/04/10 Zona SARDEGNA Impianto QUARTU Lab. QUARTU 2 =]
nelle caselle gialle !!! | genominaz. Mix PROVE MAT.RIC Rck 30 | ClLEsp. Xct Lav. mix : P002 550 FSVUOTA
Vol. Tot. Aggr. (Kg) = 1750,80 pes) u.tot. | ass. litri impasto => 45 [ |
Matea AGGREGATI s.s.a TORNA A MIX
T e | e Denominszione i e | % x| | S gme | DR | [ A0ORERAT
2,562 S1 SABBIA FINE MEREU 1,14 Kg TORNA INS
2580 | 71,02 10,4 s2 SABBIA GROSSA MEREU 183,24 | 536 | 1,09 9,8 2,0 7,8 191,07 8,598 Kg DATI BILANC |
2,490 | 284,10 416 s3 SABBIA RICICLATA ECOINERTI 707,40 9,92 4,92 70,2 | 34,8 35,4 742,77 33425Kg || |
S4 Kg
2,600 | 262,24 384 G1 PIETRISCO RICICLATO ECOINERT! 681,83 | 3,26 | 4,34 | 222 | 296 7,4 674,47 30,351 Kg | |
2,720 65,56 9.6 G2 PIETRISCHETTO CAGIMA 178,33 1,63 1,20 2,9 2,1 0,8 179,09 8,059 Kg ‘ AWIO
2,710 G3 PIETRISCO CAGIMA 1,20 Kg: ==
G4 Kg
3,04 115,13 CEMENTO 42,511 AlL Italcementi | 350,00 350,00 15,750 Kg
AGGIUNTA conK:[ 0,2 [CENERE |ENDESA Kg
Fibre 1) TIPO/DENOMINAZIONE PRODUTTORE dosaggi additivo event. corretti : Kg | Event Correz.
Fibez) | TIPO/DENOMINAZIONE  |PRODUTTORE | % Kg/me Kg |
206 e i DRIVER 2E su CEM ar cc
1,94 AXIM 0,60% su CEM+aggiunta 2,10 | 94,500 gr cc
] 8 DENOMINAZIONE su solo CEM | ar cc
PRODUTTORE su CEM+aggiunta gr cc
¢ DENOMINAZIONE su solo CEM ar cc
PRODUTTORE su CEM+aggiunta gr cc
| o DENOMINAZIONE su solo CEM | gr cc
PRODUTTORE su CEM+aggiunta gr cc
| e DENOMINAZIONE PRODUTTORE [kg iy ar ar
F DENOMINAZIONE | PRODUTTORE Lt o gr cc
100 | 19000 acqua efficace 190,00 (1051 ] 685 | 366 [153.40| 6,903t | o
1000 | aria% 1,00 tot.:
Totale| 1000,0 100 densita'= 2293 2.293 |
FS=== alc= 0,543 | ACQUA DI IMPASTO : 153,40 | ‘q
alc+ K* aggiunta= 0,543 [ alc+ K * aggiunta+Add. Sup. 31t me_= ] | acqua eff. event. corretta: 190,00 | Lt
PROVA SPERIMENTALE : - . - . -
RROVA AS%‘:‘?:;:;A ALCOOL r VOLUM. CONTENITORE Maisa Slump/Flow NOTE:
Tara fustella (g ) [ 769 0,0135 volum. tempo mm Buono il fuso
Netto fresco () 2134 " Tara( g) 5.100 8 200
Lordo secco dopo essicaz. (g) 2669 Lordo (g) 35.358 30 150
Perdita (%) 1097 | Netto fresco ( Kgime ) 2.241 80% coarse and fine recycled aggregates
Acqua Totale (it) 24577 | Resa Vol. ( Teor./ Eff.) 1,02 20% coarse and fine natural aggregates
H20 eff. (It) - ass. - 3It add. 177,2 V-FUNNEL sec
=] ARIA (%) —
AC effettivo 0,51 L-BOX
Temp. CLS (°C) 9 399 799 1499 2899 Dmax 16mm
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