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Abstract

Nowadays one of the main concerns in the world is the protection of the environment. In fact,
for over a century man has intensified production activity and increased the tes& of
materials without thinking about the impact of this behamim the environment but thinking

only of maximsing profits. These habits have inexorably led to an exponential increase in
air pollution with consequent inestimable damage to ecosystemscédnt years, however,
awareness of these issues has increased and the conceptsa$tagmbility and circular
economy are gaing more and more importangealmost all production sectors.

Also in the road sector these last two concepts have entigr@usly. In fact, nowadays
roadsare being builwvith techniques capable of reducing the environmental impact and using
waste materials as much as possible. One of the techniques that atloMging both
objectives is that of cold recycling. With thischnology it is possible to produesphalt
concreteusing up to 100% oRAP and without the aid of heat. However, despite the
innumerable advantages they bring, these materials also have disadvanthggisg the
lower performance compared to hot Ibiimousmixtures

Italy has always had special attentioffior these materials, since the 90s, above all by using
the bituminous emulsion as a stadiilg agent. In the first applications, these materials were
produced using unmodifidaitumenemulsions anthen, with technological development, it
was possible to produce modified emulsions. Nowadays;recoltled asphalt mixes with
bitumen emulsion are mainly made using modified emulsions, as it is believed that they
significantly improve the performance thie material.

In this context, the PhD activity had the amrstudyand analgethe rheological, mechanical

and performance properties of cold recycksphaltmixturesas the type of bituminous
binder varied. To achieve this, the different bituminouslbis (unmodified emulsion, latex
modified bitumenemulsion and SB#odified bitumen emulsion) were compared at the
scale of the binder, that of the mastic (bitumen and filler) and that of the mixture. The next
stepwasinsteadto evaluate the propertie$ thhe coldmixtureswhere reinforcing synthetic
fibreswere added.

On the basis of the evidence obtained, it can be stated that, despite the different typology of
binder involving differences on the scale of the binder and the mastic, this does not happen
on the scale of the mixtures. This result is mainly due to the low content of binder present
within these materials (2.4% on the final mix) but also to the numerous variables that come
into play in defining the performance of a cold mpe The use ounmodified bitumen
emulsions to replace the modified ones would represent an important result both in economic
terms but also in environmental terms. However, these results will have to be verified with
full-scale applications. To this end, a test field waated where the type of binder used to
create the base layer was varied. This road section will be monitored over time through non
destructive tests and laboratory tests on cores extracted from the pavement.
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The second part of the reseaidnfirmed that the inclusion of synthetic riés allows to
improve the performance a@bld mixtures especially in terms of fatigue resistance, when
they are added with a quantity equal to 0.05% of the total weight of the aggregates.
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Sommario

Al gi orno dbéoggi una delle principald:@i preoccupaeé
del |l 6ambient e. | nflabtutoimo phear ionltternesi dn cae¢oolldatt
aumentato I o6utilizzo di materie prime senza p
comportamento, ma pensando solo alla massimizzazione dei profitti. Tali abitudini hanno
portato inesoembnt mertspoaehdiake dell di nqui nami

conseguenti danni inestimabili sugli ecosistemi. Negli ultimi anni, tuttavia, € aumentata la
consapevolezza riguardo queste problematiche ed i concetti di ecosostenibilita ed economia
circolare stannonendendo piede in quasi tutti i settori produttivi.

Anche nel settore stradale questi due ultimi concetti sono entrati in maniera vigorosa. Infatti

al giorno dbéoggi s cerca di realizzare | e str
ambientale edmpiegando quanto piu possibile materiali di scarto. Una delle tecniche che

permette di raggiungere entrambi gli obiettivi € quella del riciclaggio a freddo. Con tale

tecnologia €& possibile produrre conglomebédiiminos impiegando fino al 100% di fresat

e senza | 6ausilio del calore. Tali materiali, t
portano, hanno anche degli svantag@aij quali le minori prestazioni rispetto ai conglomerati

bituminosi caldi.

L6l talia ha avut o dsriguardaversouuestignaterialidfia dagliaenh i o
906, soprattutto i mpiegando | 6emul sione bitumin
applicazioni tali materiali venivano prodotti impiegando emulsioni non modificate e poi

successivamente, con lo kNydpo tecnologico, € stato possibile produrre emulsioni

modi ficate. Al giorno dbéoggi i congl omer at bi
bituminosa vengono realizzati principal mente t1
poiché si ritiene che es migliorino notevolmente le prestazioni del materiale.

I n questo contesto, | déattivit”™ di dottorato ha

le proprieta reologiche, meccaniche e prestazionali dei conglomerati bituminosi riciclati a
freddo alvariare della tipologia di legante bituminoso. Per arrivare a questo obiettivo, i
diversi leganti bituminosi (emulsione non modificata, emulsione modificata con lattice ed
emulsione modificata con SBS) sono stati confrontati alla scala del legante, a dglell
mastice (bitume e filler) e quella della miscela. Il passo successivo énstadequello di
valutare le proprieta delle miscele a freddo dove delle fibre sintetiche di rinforzo sono state
aggiunte.

Sulla base delle evidenze ottenute si puo affeenthe, nonostante la diversa tipologia di
legante comporti delle differenze alla scala del legante e del mastice, questo non accade alla
scala delle miscele. Tale risultato & dovuto principalmente al basso contenuto di legante
presente ali méeariait(24% rsula rdiscelatfimale) ma anche alle numerose
variabili che entrano in gioco nella definizione delle prestazioni di un conglomerato a freddo.
L6i mpiego di emul si oni non modificate in sostit:
un importante risultato sia in termini economici ma anche in termini ambientali. Tuttavia tali
risultati andranno verificati con applicazioni in vera scala. A tal fine & stato realizzato un
campo prova dove € stata variata la tipologia di legante impiegata palizzazione dello
v
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strato di base. Tale tronco stradale verra monitorato nel tempo tramite prove non distruttive
e prove di laboratorio su carote estratte dalla pavimentazione.

La seconda parte dellaricerca ha confermatdcei nser i ment o di fi bre sinte
migliorare le prestazioni di questi materiali, soprattutto in termini di resistenza a fatica,
guando sono aggiunte con un quantitativo pari allo 0.05% sul peso degli aggregati.

Vi
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Chapter 1.

Literature review on cold recycling
asphalt mixtures

1.1 Cold recycling

In the last decadethe continuous increase of vehicular traffic in reded to an intensify

road pavement damage and therefore to an incre#fseraclaimed asphalt pavement (RAP)
produced and therefore to be disposed of in landfilis et al., 2021; Prosperi et al., 2022;
Romeo et al., 2019)Furthermore, the increased vehicular traffic ladéso produced an
increase in environmental pollutio(Fakhri & Hosseini, 2017)It is estimated that
approximately 30% of global air pollution and a fourth of fossil fuglstmption around the
world are pertinent tohe ransportation sector, and more than 7% of these contents is the
contribution of the pavement industryJahanbakhsh et al., 2020§or these reasons
nowadays environmental problems in the road sech@ve becomewvarm topics, and
therefore research is increasingly moving towards the use of recycled materials and towards
the construction of low environmental impact roédsang et al., 2021 Among the various
possible solutions, one of thesehe cold recycling Cold recycling of asphalt pavement is

an effective way to reduce the use of raw material and fossil fuel, caimtraost as well

as carbon emission in pavement rehabilitatioim et al., 2018; Xiao et al., 2018a}old
mixtures for structural layers, not considering the cold mixtures for surface courses and
pothole repairing, can be classified in falifferent categories based on their composition
(Grilli et al., 2012; Kuchiishet al., 2019)

1 Dbitumen stabilised materials (BSM), where thigumen/cement ratio (B/C) is
greater than 1 and the bitumen content is lower than 2%;

1 cement treated materials (CTM), in which only cement is used;

1 cementbitumen treated materials (CBTM), with a cement dosage higher than 1%
and bitumen/cement ratio BAL;

1 cold asphalt mixtures (CAM), with a bitumen content higher than 2%canunt
lower than 2%

1.1.1 Mixtures production

Based on the productianethod, cold mixtures can be classified in colgliace recycling
(CIR), cold centrablant recycling (CCPR) and fullepth reclamation (FDR{National
Academies of Sciences, Engineering and Medicine, 2017)

The termCIR is used to identify procedures where obluminouslayers are milled and
incorporated in the recycled mixturdsis charactegedby all production activities, among
which, milling, mixing and compaction, reaéid directlyin thefield by means of specific

1
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equipmen{Godenzoni, 2017First of all, the old pavement surface is usually milled down
(Figure 11a) andstored in a special place on thenstruction siteCrushing and sieving
procedures should be conducted during the milling process to obtain the desicddtsze
particles required by RAP (approximately-2@ cm in diameterfLiu et al., 2022)
Afterwards,the RAP eventuallycorrected with naturalggregatesifactive filler or sandl
cement and watdFigure 11b), is mixedwith the recyclerAfter that,the construction
operationgontinueby coupling supply tankers to the recycler particular, the recycler
pushed or pulls the tankers supplying additives required in the mixture, that are bitumen
emulsion or foamed bitumgFigure 11c). In the end, compaction procdssusually
performed using both vibratory and pneumatic ralges (Figure 11d) (Godenzoni,

2017) Compared with hetix asphalt (HMA) technologythe CIR technique reduces the
aggregate consumptiogreentouse gagGHG) emissionsand the release of harmful gases
by substantial amoun{alkins et al., 2008)Figure 12 shows that the CIR technology,
compaedwith traditionalHMA overlay, can save 62% aggregate consumptiorrethace

the emissions of 52%, 61% and 54% in terms of greenhlgasssulphurdioxide and nitric
oxide/nitrogen dioxide respectivefXiao et al., 2018)
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Figure 11 - a) milling stage bjpatural aggregates and/or cement additgyrmixing through recycler
d) compaction stage
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Figure 12 - Environmental benefits of CIR technology over traditional HMiao et al., 2018)

The term FDHRs insteadused to identify procedurés which recycling machinemill the
entire thickness of the distressed bituminous layers together with a predetermined amount
of the underlying unbounded or cem#irgated courseocci et al., 2010)This procedure
is mainly used when the pavement has structural weaknesses with serious damage
(Ghanizadeh et al., 2018)ifferently from CIR,the FRD techniques referred tdull-depth
recycling(Xiao et al., 2018)After a first stegremoval of the existing deteriorated
bituminous layers, with a depth that is betweer@@®nd 30 cm, 2% (by mass) of

cement is spread on the top of the pubastisurface and then mix¢g@emanian et al.,

2006). If it is necessary to correct the grain size distribution, it is also possible to spread
additional aggregates before spreading the ce(fewlrigo et al 2020) The treated

material is compacted with tandem steel and pneuma#aadllers to no less than 95%
maximumrelativedensity(Bemanian et al., 2006pometimes, due to the structural
capabilities of the mixture, it is not necessary to addstalyilising additive, and therefore,
the compacted material can be the base for a new surfaceQ#yenwise if the obtained
material does not provide enough structural strength, others sdliljents can be added
such as chemical additives (limey fish, etc.) or bitumen additives (bitumen emulsion or
foamed bitumen). In general, the most employed ssabsliworldwide are bituminous
emulsions and Portland cemé@onzaleOrden et al., 2019)

The last method to recycle the old road miate at the ambient temperaturesdaprocess it

in plant (CCPR) Figure 13). In this process the first step is milling the existing asphalt
section, and then ceitt it and stockpiled for later usetime plant. Afterwards the recycled
materials will be crushed to expectation size and then mixed with new materials (if necessary
to correct the graduation), additives and water. This process will create a paviriglriete

can be placed with conventional asphalt paving equiphaitonal Academies of Sciences
Engineering and Medicine, 2021; Timm et al., 201d}er this operation the conventional
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asphaltwearing course will be paved on the recycling paver(éiato et al., 2018)These
processesaxur at a mobile plant which can be located at or near the construction site or the
RAP source stockpilédditionally, the CCPR process can be used to place multiple lifts for
thicker applicationgTimm et al., 2@8). The CCPR methodombines almost the same
environmental advantages as the Gtethodbut, unlike the latterplant processing is
generally the most expensive option, primarily due to the material transportation costs that
are absent ithe case oin-place recyclingGodenzoni, 2017)Figure 14 shows the energy
consumptiorof the mainly paving techotogies, cold and hot, isite and intheplant.] t 6 s
evident howhot technologies havenore energy consumption thacold ones sincethe
blending energynthecasesdih ot mi x asphaltdo and #dr¢chentr al pl ar
pavingenergyinthe case fh ofit i n p | aaceemmensatngteatl compgring the

two coldtechnologies, the CIR procassults in the lowest energy consumption in all paving
stages.

Figure 13 - CMA production plant

wlaving = Transport » Blending » Aggregate  w Binder

, 1H B =
Hot-Mix Emulsion-Based Hot In-place Central Plant  Cold In-Place

Asphalt Cold-Mix Recycling Becveled Hoi-  Recveling with
Mix Emulsion

Energy Consumption (M.J/t)

Varlous Paving Technology

Figure 14 - Energy consumption of various pavirgghnologiegXiao et al., 2018)
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The maintechnical difference between cold in place recycling and cold central plant
recyclingis the mode of controlling material gradation, which uses the speed of the reclaimer
in the formerand mechanical sieving ithe latter.However in plant the materials from
existing pavement can be selected anetpgated, thereby increasing the level of confidence
that can be achieden the final produc{Apeagyei & Diefenderfer, 2013)

During theyear2011, theVirginia Department of Transportation (VDOi8alised a research
project where CIR and CCPR were compared in order to evaluate eventually different
between these two methods. In particgeadation, binder content, density measurements,
indirect tensile strength (ITS) measurements, and resilient moddRiswere conducted to
obtain this goal. The results demonstrated that there are not significantly different between
the two technique@\peagyei & Diefenderfer, 2013)

1.12 Mixtures composition

In the presentresearctwork, theattentionhas been paidn the Cold RecycledAsphalt
Mixtures (CRAM)whichare CAM including high RAP content (even 100%#)eseCRAM
mixtures contairfKuchiishi et al., 2019; Orosa et al., 2022; Gabriele Tebaldi et al., 2014)

1 bitumen emulsion or foamed bitumemhich arestabilising agentsised with the
purpose of reducing the bitumen viscosity and provide adequate mixing and
dispersion of théitumenthroughout the mixture

1 water, to facilitate the blending processd ensure the proper moistureixture
content

9 active filler, such a®ortland cement or hydrated limeshich chemically modify
the mix properties andanalsobe used to improve adhesion of the binder to the
aggregates, enhance dispersion of the bitumen, increase the stiffness of the mixture,
reduce moisture susceptibility andcaleratehe curing of the compacted material
(Wirtgen, 2012)

1 natural aggregatef necessaryfor the correction of the graduation

1.13 Theevolution behaviour of CRAM

The CRAM behaviour is differerftom the traditionaHMA due to the presence of water,
emulsion and cement whickquired a certain time (curing time)develop their longerm
propertiegGraziani et al., 2018)

In particular,there are two differenstagesn the CRAM behaviourthat are the shoterm

fi f r statdhand the long e r m  Adda r YgGeamite et al., 2018; Orosa et al., 2022)
The firststage starts some hours after the compactishita duration depends oseveral
elements such as curing temperature, environmental moistater, content in the mixture,
cementyuantities, presence of fine particles (i.e. fillergoaduation correctio), air voids in
the mix, traffic loading and volume, etGraziani et al., 2016; Jain & Singh, 202Epr
examplethe curing time is longer if the climate is cooler or more huy@éaifass et al., 2004)
instead is shorter adding limestone fillE8ingh & Jain, 2021)Moreover, the cement in the
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mixtures reaction with water and accelerates the curing process by reducing the amount of
free waterfCudremauroux et al.2011; Garcia et al., 2013)uring thiscuring process, the

water reacting with the cement leaves more and more free space between the aggregates and
therefore there is an increase in #ievoids of the material. However, thankstbh@ cement

and wate reaction the performance of the material increases.

Several authors tried to estimate the curing duration and among these, Graziani and his team
concluded that 28 days was sufficient time for &l coixture to evaporate almost all of its

water contenfGraziani et al., 2018)nsteadother authors have reported a curing time from

6 to 18 months during which the stiffness continues to incrédaskycki et al., 2017;
Kuchiishi, Ant&o, et al., 2019Puring the second stage, insteaden the total amount of

water is evaporatk the stifness reduces due to the aging and the vehicular ti@ffig.

Ebels, 2008; Jenkins et al., 2007)

1.1.4 Use of CRAM materials

Cold recycledasphaltmixturesfor base and subbase laydrave been used faeveral
decadesto improve the bearing capacity of road pavemebtit mainly also fortheir
recognged benefits in tersof pavement sustainabilitgGrilli et al., 2013; Leandri et al.,
2015) In ltaly initially, due to the lack of confidence in these materi@dAs were used
only for subbasd¢ayersandin low traffic road pavemeatinstead nownore than 500 krof
the main Italiarmotorways were made with this technig@Bocci & al., 2010)

The first applicationsalmost 50 years agsaw the use of CTM materia{enly cement
employed) which significantly improvedhe stiffness and the strength of the pavement
structure allow a better distribution of the traffic streshatsdubgradé&yer and a reduction

of tensile strain at the bottom of bituminous layéxsian et al., 2012)However, the
excessive stiffness and the tendency to shrinkage of these matetikl$ravea negative
effect on the pavement life. In particular, the high stiffnesdenide materials inclined to
brittle behaviour and so to a premature cracking, amateover, shrinkage crackingoald
appear just some days after the construction cagsweraissuedater, such as propagation

of cracks up to the surfagErilli et al., 2013) To improve this behaviour artlus reduce
the excessive stiffness of these materintn stabiking agents were addede. bitumen
emulsionor foamed bitumenTheseagents allow the reduction of viscosity by conveying the
bitumen in the mix with water, in the case of bikmemulsions, or by mixing it in the form

of foam, in the case of foamed bitumg@rilli, 2014). However, these materials did not yet
guarantee the necessary guarantees to be used as base layers within the structural package of
road pavementtNeedham, 1996)nitially, it was no easyo modify bitumen emulsion as
was done for bitumen insteadiye to technological problems in the production process of
binders used in the road sectbut polymers in latex forrould be easily incorporatday
simply adding the polymer into the emulsion stirrer and thus producifthreephasé
emulsion(Needham, 1996)This process had already been exploited for decades in the
industrial field (Anderson & Daniels, 2003 here are differentypes of latex that can be
used in paving grade emulsions, among which StyrBua¢adiene Rubber (SBR),
polychloroprene, and natural rubber latex. This polymer modificattmriddmprove the
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properties of bitumen in terms of cohesiogsistancdo cracking at low temperatures, and
resistance to flow at high temperatu(&€alomon, 2006)It is only with the technological
developmentbetween the late 90s aedrly 2000 that it was possible tdirectly modify
the binder inside emulsiongrodiwcing modifiedbitumenemulsions calleddoublephase;

in which it was possible to insert various types of polymers like StyBemadieneStyrene
(SBS), Ethylene Vinyl Acetate (EVA), ettlowever,these polymergsould causeseveral
problemsduring theprodudion of the bitumen emulsion, since SBS8odified bitumen
emulsions require high emulsification temperatwemore than 150 °C and a pressurised
tankwasneeded until the emulsion is cooled; instead Eviddifiedbitumen emulsions may
becomehighly unsable and phase separatmuldoccur before the emulsion forrtGarrera
etal., 2014)To resolve these problems, Carrera et al. in 2014 proposed to introduce a reactive
modification with an isocyanateinctionalsed polypropylene glycol (a liquid with low
viscosty) which allowed both mixing bitumen and further emulsification to be carried out
between 8C°C and 90 °C in an open vesséhis material preseat better performance
against permanent deformation thamodified bitumenemulsiors (Carrera et al., 2014)

Polymermodified bitumen emulsionshave made it possible to obtagold mix asphalt
(CMA) with greater durability, greater resistance to cracking, and lower temperature
susceptibity imparted by the polymerg¢Rabiot & Morizur, 1996; Thomas et al., 2000)
Moreover, by adding the polymer modifier, the higimperature performantasimproved
significantly (Jiang et al., 2018)Hence many studies have been doakout the use of
polymers in cold recyclingandthe use of them has been seen to lead to an improvement in
the performance of the CMAE&ai et al., 2010; Carpani et al., 2021; Chavetencia et al.,

2007; Mengzhuo Guo et al., 2019; Herez, 2019; J. Jiang et al., 2018; Ling et al., 2016; Samor
& Sarsam, 2021; Sarsam & Samor, 2020; Shafii et al., 2013; Thamer Alenexi | ZXphan,
Hainin, Satar, M Warid, et al., 2020; Ziari et al., 20E3tween the first studies about the
application of modified bitumen emulsiokhalid and Etan 1997studied theuse of SBS

and EVA polymers in emulsified bitumen macadams and fourad the polymers htha
significant effect on tbsetypes of mixtures as they improdetheir stiffness, reduck
permanent deformations and also imprbtee fatigue resistance compared to unmodified
materials(Khalid & Eta, 1997) Subsequently, in research read in Mexico, polyvinyl
acetate was added to a ragitting emulsified bitumen to develop the compressive strength
of CMAs (ChavezValencia et al., 2007)Severalyears laterXu et al used an enhanced
polymermodified emulsifier in a bitoninous mixture finding that the performance of the
mixture was in agreement with the specification requirements in terms of water damage,
rutting andcracking resistancéShanbara et al., 2021; Xu et al., 2014) the same year,
Shifa et al. valuated theformance of &MA produced with a specially developed polymer
modified emulsified in terms of high temperatures performance, moisture susceptibility and
low-temperature crack resistance. The redudtge shown that each performance met the
specification requirements, espaly for rutting resistance performan¢¥u et al., 2014

More recently numerous studies have been carried out to improve the performance of binders
used in the field of cold recyclin@etween these, Li et al. in 2019 valuated the feasibility of
using waterborne epoxy modified bitumen emulsion (WEB) afgh-prerformance cold
binder through chemical analysis and performance charsatteri among which Fourier
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transforminfrared spectroscopy (FIR), Zetasizer, boiling test and different tegsing the
dynamic shear rheometer (DSR)gtresults indicatethat the incorporation of waterborne
epoxy resin into bitumen emulsion significantly improved its adhesion performance,
mechanical strength, and fatigue life, makimgsematerias potential highperformance cold
binder for coldmix asphalt paving(Li et al., 2019) Moreover, it is observed that
incorporation of novel modified binder asphalt emulsion capsulesade with shedl of
calciumalginate and calciuralginateresulted in better mechanical properties of mixtures
and recommended as a suitable alternative for conventional C#h et al.2022)

In the last yearsghe research moveadthe use of CMA in binder layers. The highest problems
regardthe use of these materials in binder layers are the lower properties than HMA at early
time. Dulaimi and his research group tried to improve these properties introdubingrg
blended filler material produceby high calcium fly ash and a fluid catalytcracking
catalyst They found that this method was very effective for producing cold asphalt concrete
for binder layergDulaimi et al., 2016; Dulaimi, Nageim, et al., 201/ 2019 a research
group fromthe University of the Republic of San Marino atite Polytechnic University of
Marche described the construction of a pavement trial section w&leaierecycled asphalt
mixture (CRAM) was placedas a binder courseThey evaluated the effect of the curing
conditions on the stiffness evolution of the cores taken from the trial section and the
laboratory compacted specime@illi et al., 2019)

Finally, CMAs can bepliedto theairport road, whereehicular loads are much higher than

in thenormal roads. In 2014, a case study of cold recycling in airport pavement was evaluated
by Hashemian et al. In particular, part of the existing asphalt layers of the road pavements
were removedand then mixed wih foam bitumen and cement slurty realse base and
subbase layers. Quality control testingarried out after constructiprshowed great
improvement in pavement properties among which increased pavement bearing capacity
(Hashemian et al., 2014)heresearch of the University of the Sunshine Coast (Australia)
showed thedvantages of the usécold recycling technologies in airpsrtn particular, this
technology was used for the intersection between two major taxiways at an Australian airport,
using foamed bitumen material to rmalithe base layer. The project demoststd the
advantages of the use of this technologthaairport field (Bajpai, 2017)

1.1.4.1 Cold recycling history indly

Italy wasone of the firstcountiesin Europe to introduce the cold recycling technique to
produce road pavementshé first experience was probably conducted fomtiaéntenance

of the state road (SS) Pontiimethe LatinaProvince(Lazio region)in February 1989Figure
15).
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Figure 15 - Maintenancewvorksof the state road (SS) Pontiimathe LatinaProvince

The following year, the Pavimental" company built a test field with the cold recycling
technique(Figure 16).

Figure 16 - Pavimental test éild

A huge improement in this field occurred in 1995 with the recycler machine introduction,
which could mill and mix at the same time, greatly reducing tmstoaction time(Figure
1.7).



Chapter 1

Literature review on cold recycling asphalt mixtures

The influence of the bitumen emulsion type on the rheological and mechanical progérineiers, mastics, and
mixes for colerecycled base layers

Figure 17 - Recycler machine

The following year,a machine capable of injecting foamed bitumen is introducete
market(Figure 18).

Figure 18 - Foamed bitumen machine

In the same yean the province oAncona(Marche region)a maintenance intervention was
carried out on thpavement using this technique, but with completely rudimentary techniques
compared to the current ones. In particular, aowerstabiliseditumenemulsion was used
with a quantity equal to 3:3.8%,the integration of 15820% of aggregates and no addition

of cemeniFigure 19).
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Figure 19 - Maintenance work on the SS 76 Val d'Esino (Ancona)

In 1998 the firstold recycling KMAmobile plantwas introduced, with ofgite mixing, for
cold recyclingboth with bitumen emulsioand with foamed bitumefiFigure 110).

Figure 110- Cold recyclingk MA mobile gant

Several years latein 2004 fAutostrade per ['ltaliatogether with a private compaiwyiilt a
recycling trainto be used for the expansion works of the A14 motorway for the Aritata
Porto S. Elpidio sectiofFigure 111). fAutostrade per ['ltali@ahas declared thabetween
2004 and 2010 years, recycled aroundnillion tons of RAP using thistechnique and
following the structural pavement as Kigure 112, where the base was resali with
modified bitumen emulsion and the subbase stabiilivithcement and foamed bitumé.
Bocci & E. Bocci, 2014)
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