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Abstract

Abstract

The construction of new roads requires large amounts of virgin aggregate, filler, and virgin bitumen (VB).
As these materials are available in limited quantities, seeking alternative solutions to decrease/replace
their usage is inevitable. At the same time, the reconstruction of existing roads results in an increased
amount of stockpiled materials and the need for new materials. These issues can be overcome if reclaimed
asphalt pavement (RAP)—which is, in principle, a 100%-recyclable material—is partially or completely
used in the production of new asphalt mixtures. Because of the presence of aged binder within the RAP
(RAPD), the total amount of virgin bitumen that should be added in an asphalt mixture could be
decreased; hence, the highest potential of using RAP is within hot mix asphalt (HMA) and warm mix
asphalt (WMA).

However, the extensive use of RAP is precluded by many limitations, from the lack of
guidelines/policies and road agency specifications, to technological issues, and, most commonly, bartiers
related to RAP as a componential material. An understanding of the blending phenomena between the
RAPD and recycling agent (RA), rejuvenators or lubricants, is a priority when high RAP contents are
used. Equally important is determining the optimal preheating temperature because, besides the effect
on RAP performance, it is a critical aspect affecting energy consumption. Overall, it remains unclear how
to include these issues in a mix design procedure. Although a large number of studies have been
performed on these topics, many issues remain unresolved, including, but not limited to questions such
as “What quantity of RAPD is activated during the manufacturing of asphalt mixtures?”, “How do RA
and preheating temperature improve blending?”, “How is RAPb blended with RA?”, “What is the
optimal preheating temperature of RAP?”, and “How should blending be included in a mix design
procedure?”

Three parameters (Degree of binder Activity, Degree of Binder Availability, and Degree of Blending)
are clearly defined in this study, due to the lack of consensus on basic blending parameters in the current
specifications and studies. These parameters also present the basis for further studies. A summarized
review of testing methods used for their determination in previous studies, together with
recommendations for further research, is also provided.

Since determining the optimal preheating temperature is an initial step in the HMA manufacturing
process, and considering that there are no standardized methods for its determination, a methodology,
applicable to any RAP, was developed in this study. Two types of recycled asphalt mixtures (RAM), made
of only RAP and RAP+RA, were prepared using Marshall and gyratory compactors after preheating at
different temperatures (from 70°C to 190°C). Air void content, stiffness, indirect tensile strength (ITS),
and the cracking susceptibility parameter (CTinex) of each mixture were determined. A multi-objective
optimization step was further applied to determine the optimal preheating temperature of RAP,
integrating the uncertainties in determining the different properties through a Monte Carlo simulation.
Testing results showed that the optimal preheating temperature of RAP in this study is approximately
130°C, regardless of the compaction method, whereas adding RA decreased it by 14.5°C and 7.2°C when
gyratory and Marshall compactors were used, respectively.

In the main phase of the study, a mix design methodology of HMA with 50% RAP was developed.
For this purpose, seven asphalt mixtures with 50% RAP and different VB and RA contents were prepared
according to Doehlert’s experimental design. Air void content, stiffness and ITS at 25°C were measured
on Marshall specimens of each mixture, whereas CTinax Was calculated. Predictive response models were
then developed for each parameter using a response surface methodology and their accuracy was assessed
by using various statistical methods. Criteria were established for each parameter and two additional
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Abstract

mixtures were prepared to validate the developed models and to determine the optimal VB and RA
contents in the base course mix with 50% RAP. Testing results showed that 1.62% VB and 0.11% RA
(relative to the total mass of the asphalt mixture) are optimal contents, and these amounts were later used
for the preparation of RAM with 50% RAP.

Finally, to investigate if the mixture was propetly designed, it was decided to compare its properties
with the control asphalt mixture (made with 3.6% VB and virgin aggregate) and the asphalt mixture with
15% RAP, that is widely used in the practice. The newly designed mixture showed better rutting
resistance, fatigue and freeze-thaw resistance, similar performance considering cracking resistance, and
slightly increased water sensitivity than the control mixture, whereas stiffness varied depending on the
testing temperature: it had higher stiffness than the control mixture in the domain of high testing
temperatures (above 20°C), and lower stiffness than the control mixture in the domain of low testing
temperatures (below 20°C).

Key words: pavements, Hot Mix Asphalt (HMA), asphalt recycling, Reclaimed Asphalt Pavement (RAP), asphalt
recycling agent/ additive, mix design methodology, asphalt mixture performance

Scientific field: Civil Engineering

Scientific subfield: Construction and Maintenance of Roads and Airports
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Sazetak

Sazetak

Za izgradnju novih puteva koriste se velike koli¢ine novog kamenog materijala, filera i novog bitumena.
S obzirom da su kolicine ovih materijala ogranicene, dolazi do potrebe za primenom alternativnih
materijala, koji ¢e smanjiti njihovu upotrebu ili ih potpuno zameniti. Istovremeno sa tim, usled
rekonstrukcije postoje¢ih puteva dolazi do nagomilavanja iskoriS§¢enih materijala, kao i do povecane
potrebe za novim materijalima. Ovi problemi mogu biti prevazideni ukoliko se koristi strugani asfalt
(RAP), materijal koji teorijski moze u potpunosti da se ponovo upotrebi (reciklira). Usled prisustva
ostarelog bitumena u struganom asfaltu, smanjuje se potreba za novim bitumenom u novoj asfaltnoj
mesavini. Zbog toga je mnajveéi potencijal upotrebe struganog asfalta u asfaltnim mesavinama
proizvedenim po toplom (WM.A) i vru¢em postupku (HM.A).

Medutim, postoje mnoga ograni¢enja u upotrebi struganog asfalta, posebno u veéim koli¢inama,
pocevsi od nedostatka smernica/pravilnika i specifikacija putnih uprava, preko tehnoloskih poteskoca,
do ogranicenja koja se najces¢e odnose na strugani asfalt kao sastavni materijal asfaltne mesavine.
Razumevanje fenomena umesavanja izmedu bitumena iz struganog asfalta i aditiva/agensa za reciklazu
asfalta, osvezivaca ili lubrikanta, je od kljucne vaznosti kada se koriste velike koli¢ine struganog asfalta.
Jednako vazno je i odredivanje optimalne temperature zagrevanja struganog asfalta prilikom proizvodnje
asfaltnih mesavina, koja, pored negativnog uticaja na njegove karakteristike, znacajno utice i na potrosnju
enetgije potrebne za zagrevanje. Medutim, jos uvek nije jasno kako ukljuciti sve ove uticajne faktore u
proceduru projektovanja asfaltnih mesavina sa visokim sadrzajem struganog asfalta. Iako je sproveden
veliki broj istrazivanja sa tim ciljem, jo$§ uvek postoji mnogo nejasnoca i pitanja poput ,,Koliko bitumena
iz struganog asfalta se aktivira prilkom proizvodnje asfaltnih mesavina?®, ,,Sta je optimalna temperatura
zagrevanja struganog asfalta?”,  Kako temperatura zagrevanja i aditiv za recikliranje unapreduju stepen
umesavanja izmedu aditiva i bitumena iz struganog asfalta? i ,,Kako ukljuciti stepen umesavanja u
metodologiju projektovanja asfaltnih mesavina sa visokim sadrzajem struganog asfalta?*.

Usled nedostatka konsenzusa o osnovnim terminima u aktuelnim specifikacijama i studijama, u
okviru ove disertacije su uspostavljeni termini za sledee parametre: stepen aktiviranja bitumena iz
struganog asfalta, stepen dostupnosti bitumena iz struganog asfalta i stepen umesavanja izmedu bitumena
iz struganog asfalta i aditiva za recikliranje asfalta. U okviru disertacije je dat i zbirni prikaz metoda za
odredivanje vrednosti ovih parametara koris¢enih u prethodnim istrazivanjima, zajedno sa preporukama
za buduca istrazivanja.

S obzirom da je odredivanje optimalne temperature zagrevanje struganog asfalta pocetni korak u
postupku proizvodnje asfaltnih mesavina po toplom postupku i da trenutno ne postoje standardizovane
metode za njeno odredivanje, u okviru ove disertacije je razvijena metodologija koja moze biti primenjena
na bilo kom struganom asfaltu. Dve asfaltne mesavine, jedna sacinjena samo od struganog asfalta, a druga
od struganog asfalta i aditiva za recikliranje, su pripremljene upotrebom Marsalovog i ziroskopskog
nabijaca nakon zagrevanja na razli¢itim temperaturama (od 70°C do 190°C). Nakon toga su odredeni
sadrzaj Supljina, krutost, ¢vrstoca pri indirektnom zatezanju (ITS) na 25°C i pokazatelj otpornosti na
pojavu pukotina, CTiue, svih uzoraka asfaltnih mesavina. Visekriterijumska optimizacija je zatim
upotrebljena kako bi se izracunala optimalna temperatura zagrevanja struganog asfalta, i to ukljucujuci
nepravilnosti nastale prilikom ispitivanja primenom Monte Karlo simulacije. Rezultati ispitivanja su
pokazali da optimalna temperatura zagrevanja struganog asfalta koris¢enog u ovoj disertaciji iznosi oko
130°C, bez obzira na nacin pripreme uzoraka, dok dodatak aditiva za recikliranje snizava temperaturu
zagrevanja za 14.5°C u slucaju pripreme uzoraka u ziroskopskom nabijacu i za 7.2°C kada su uzorci
pripremljeni u Marsalovom nabijacu.
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Sazetak

U glavnom delu ovog istrazivanja je razvijena metodologija za projektovanje asfaltne mesavine po
vruéem postupku sa 50% struganog asfalta. Kako bi se to postiglo, ukupno je pripremljeno sedam
asfaltnih mesavina sa 50% struganog asfalta i razli¢itim sadrzajima novog bitumena i aditiva za recikliranje
asfalta, a sve u skladu sa Dolertovim (Doehlert) planom eksperimenta. Uzorci su pripremljeni primenom
Marsalovog nabijaca i odredene su njihove karakteristike: sadrzaj Supljina, krutost i ¢vrstoca pri
indirektnom zatezanju na 25°C, dok je vtednost parametra CTinaex izra¢unata. Nakon analize rezultata,
razvijeni su modeli koji opisuju promenu parametara u zavisnosti od sadrzaja bitumena i aditiva za
recikliranje primenom metodologije povrsine odziva. Kako bi se odredila ta¢nost modela koji su razvijeni
za svaki parametar, primenjene su razlicite statisticke metode. Nakon toga su uspostavljeni kriterijumi za
pojedinacne parametre i u skladu sa time su pripremljene jo$ dve asfaltne mesavine kako bi se potvrdila
tacnost razvijenih modela i odredio optimalni sadrzaj novog bitumena i aditiva za recikliranje u asfaltnoj
mesavini za izradu noseceg sloja sa 50% struganog asfalta. Rezultati ispitivanja su pokazali da je optimalno
upotrebiti 1.62% novog bitumena i 0.11% aditiva za recikliranje, u odnosu na ukupnu masu asfaltne
mesavine, pa su u nastavku eskperimenta te koli¢ine kori§éene za pripremu asfaltne mesavine sa 50%
struganog asfalta.

Na kraju istrazivanja su odredene karakteristike projektovane mesavine i uporedene sa istim
karakteristikama kontrolne asfaltne mesavine (napravljene od 3.6% novog bitumena i novog kamenog
materijala) 1 asfaltne mesavine sa 15% struganog asfalta, koja se ¢esto koristi u praksi, kako bi se utvrdilo
da li je asfaltna mesavina ispravno projektovana. Novoprojektovana asfaltna mesavina je pokazala bolju
otpornost u pogledu otpornosti na dejstvo kolotraga, zamor 1 smrzavanje 1 odmrzavanje, slicno ponasanje
u pogledu otpornosti na pukotine, i nesto vecu osetljivost na otpornost na dejstvo vode u poredenju sa
kontrolnom mesavinom. Krutost mesavine je zavisila od temperature ispitivanja: u opsegu visokih
temperatura ispitivanje (preko 20°C), krutost je bila veca, a u domenu niskih temperatura ispitivanja
(ispod 20°C) niza u poredenju sa kontrolnom mesavinom.

Na osnovu sprovedenih ispitivanja moze se zakljuciti da laboratorijski napravljena asfaltna mesavina
po vruéem postupku sa 50% struganog asfalta, u skladu sa metodologijom razvijenom u okviru disertacije,
ima slicne karakteristike kao kontrolna meSavina i mesavina sa 15% struganog asfalta. Medutim,
pouzdanost razvijene metodologije treba proveriti i na asfaltnim mesavinama sa razlicitim sadrzajima
struganog asfalta 1 razli¢itim sastavnim materijalima.

Kljuéne reci: kolovozne konstrukeije, asfaltna mesavina po vrucem postupkn (HMA), recikliranje asfalta, strugani
asfalt (RAP), agens/ aditiv za recikliranje asfalta, projektovanje asfaltnib mesavina, karakteristike asfaltnibh mesavina

Naucna oblast: Gradevinartvo

UZa naucna oblast: Gradenje i odrdavanje puteva i aerodroma
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Abbreviation Meaning

2D Two Dimensions

3D Three Dimensions

AASHTO American Association of State Highway and Transportation Officials
AC Asphalt Concrete

AFM Atomic Force Microscopy

Al Ageing Index

ANOVA ANalysis Of VAriance

ASTM American Society for Testing and Materials
BBR Bending Beam Rheometer

BR Black Rock

BR RAP Blending Ratio

CCD Central Composite Designs

CM Control Mixture

COV Coefficient of Variation

CT Computed Tomography

DEM Discrete Element Method

df Degtree of Freedom

DoA Degree of Binder Activity

DoAv Degree of Binder Availability

DoB Degree of Blending

DSR Dynamic Shear Rheometer

EDXS Energy Dispersive X-Ray Spectroscopy
EDX Energy Dispersive X-Ray Spectroscopy
EDS Energy Dispersive X-Ray Spectroscopy
ER Energy Ratio

ESEM Environmental Scanning Electron Microscopy
FEM Finite Element Method

FTIR Fourier-Transform Infrared Spectroscopy
GPC Gel Permeation Chromatography
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RAS Reclaimed Asphalt Shingles
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Research Topic

As road pavement engineering is making use of a life-cycle-based design approach, the implementation
of end-of-life strategies for Reclaimed Asphalt Pavement (RAP), such as road pavement asphalt mixtures
with high RAP content (>50%), is of paramount interest for road authorities and contractors
(AlBack2Pave, 2014; COREPASOL, 2014; DIRECT-MAT, 2011; EARN, 2014; Re-Road, 2012; SUP&R
ITN, 2017). This growing popularity comes from the need to dismantle high quantities of stockpiled
material and decrease/replace the use of finite resources, such as bituminous binder and virgin aggregates.
Furthermore, the successful implementation of these technologies is economical and environmentally
sustainable, and this reason is enough for the asphalt and road pavement industries to encourage the use
of Recycled Asphalt Mixtures (RAM), designed to minimise the amount of virgin materials — with
recycling as default practices. Many limitations are still preventing the shift to RAM: a lack of information
about the long-term performance and durability, lack of guidelines/policies and road agency
specifications for the production and quality control, technical issues related to the complexity of the
formulation itself and to the capabilities of the asphalt plants (RAP may not be directly heated as a virgin
aggregate because if it is exposed to high temperatures, binder from RAP will smoke and can be severely
damaged (R. C. West, 2015); so, for mixtures with high RAP content, the use of parallel flow drum is
required).

However, the most common barriers are related to RAP as a component material. Copeland (2011)
reported that the homogeneity, quality control, dust, and moisture content of RAP, as well as the aged
binder grade and blending between the aged binder and recycling agent, rejuvenator, or lubricant, are
concerns cited most often with regards to the quality of RAMs. The latter two parameters are strongly
correlated to the performance of RAM because increased amounts of aged binder within RAMs
significantly change their properties and performance during the exploitation period: rutting resistance
(Anderson & Daniel, 2013; Boriack et al., 2014; Colbert & You, 2012; Silva et al., 2012a), indirect tensile
strength (Shu et al., 2008; Vukosavljevic, 2000), and stiffness increase (Boriack et al., 2014; Mogawer et
al., 2012; Shu et al., 2008; Valdés et al., 2011; Vukosavljevic, 2006), whereas cracking resistance (both
thermal and fatigue) decreases (Anderson & Daniel, 2013; Mogawer et al., 2012; M Sabouti et al., 2015).
These reasons are at the base of the differences in regulations and approaches used for RAM production
in different EU countries and beyond. In fact, the amount of RAP in surface courses is mostly limited to
10-30% (Hungary, Belgium, Denmark) or even prohibited (Spain, Czech Republic), whereas in other
countries (Germany, Austria, Norway), RAP can be used up to 100% in new RAM, regardless of the
course type (Mollenhauer et al., 2010; Partl et al., 2013).

To be considered as sustainable solutions, whether they are obtained with a hot or warm process, the
RAMs with a low content of virgin materials should meet at least the same requirements valid for
traditional mixtures (composed of all virgin materials or those with low recycled content). However, RAP
is a complex material, which is different, especially in terms of variability, from the traditional
components used in asphalt mixtures. RAP represents a family of materials that are still being studied
and characterized to provide recommendations for their classification (Tebaldi et al., 2018), as well as for
the improved design and better performance prediction of the resulting RAMs. Some of the aspects that
play a fundamental role in this process are (Bressi et al., 2015; Copeland, 2011; D1 Mino et al., 2015;
Hossain, Musty, & Sabahfer, 2012; Howard, Cooley, & Doyle, 2009; Lo Presti et al., 2015; Newcomb,
Ray Brown, & Epps, 2007; Oreskovié, Bressi, Di Mino, & Lo Presti, 2017; Partl et al., 2013):

1
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e variability of RAP properties due to the often-unknown nature and heterogeneity of
RAP

e lack of specifications for the characterization and classification of RAP

e lack of methods for accurately measuring the properties of the aged binder
e uncertainties when polymers are presented in RAP

e uncertainties in adapting existing mix design procedures

e Jack of fundamental understanding of some of the mechanisms involved during RAP
mixing with the other components, such as recycling agents

e lack of a widely accepted nomenclature to describe key quantities linked with the
blending phenomena

With this in mind, and with a particular focus on the last two points, it was necessary to provide a
theoretical explanation and nomenclature of the key mechanisms linked to the blending phenomena,
together with a pragmatic framework to identify and possibly quantify three properties related to the
binder blending. The first property is the minimum amount of aged binder available from a selected RAP,
here defined as the Degree of binder Activity (DoA), which is introduced to improve the classification
of RAP materials. The second, the Degree of Blending (DoB) between the aged asphalt binder coming
from the RAP and the virgin binder (VB) and/or recycling agent (RA), should setve to define the mix
design procedures for RAM. And the last property, Degree of binder Availability (DoAv), represents the
binder available for blending, formed not only of the binder activated during the manufacturing process
and the residual amount of a RA but also of the binder activated under the influence of the RA.

In addition to these issues, which may affect RAM performance, RAM manufacturing process also
plays an important role. Beside the mixing and conditioning time, as well as the mixing temperature of
RAP, a preheating temperature of RAP presents an equally important parameter within the production
procedure of RAM (Liu et al., 2019; Ma et al., 2016; Madrigal et al., 2017; Silva et al., 2012a; B. Yu et al.,
2017). On one hand, a higher than optimal preheating temperature will additionally age the already aged
RAPD (Daniel & Lachance, 2005), making a RAM mixture stiffer (Madrigal et al., 2017) and more resistant
to rutting (Liu et al., 2019) but also more sensitive to low-temperature cracking (Liu et al., 2019; Madrigal
et al., 2017) and moisture damage (Liu et al., 2019; Madrigal et al., 2017). Alternatively, the insufficiently
high preheating temperature of RAP will be unable to activate the RAPb, which will then behave like a
“black rock” (Daniel & Lachance, 2005), leading to inferior rutting resistance, moisture sensitivity, and
low temperature cracking (Ma et al., 2016). The importance of optimal temperature was highlighted by
Ma et al.,, (2016) who concluded that after reaching optimal temperature, there are no more positive
effects of RAP heating on RAM performance.

Therefore, it is important to determine the optimal preheating temperature of any RAP used in a
new RAM before performing a mix design procedure. Existing guidelines usually recommend the
preheating temperature of RAP based on practical experience, regardless the extent of stiffness of the
RAPD, although it should be taken into the account. This issue was carefully investigated by West et al.
(2013), who showed that optimal preheating time and temperature strongly depend on the RAP type and
properties.

For a satisfactory design, RAP testing should be coupled with an appropriate mix design method.
Some of the previous mix design methods, developed for mixtures with new materials, may not be
appropriate for RAM. For example, Hveem and Bailey methods are based on the specific surface area of
the aggregate, but due to the high heterogeneity of RAP, irregular shape of RAP grains and the presence
of RAP clusters, these methods can exhibit inappropriate results if RAP is used (Bressi, Dumont, et al.,
2016; Stimilli et al., 2015). Furthermore, the Marshall method, which considers volumetric properties,
stability, and flow, may also cause problems when designing RAM. For instance, the RAM the virgin
mixture may have the same volumetric properties as the virgin mixture, but worse mixture performance
(Kaseer et al., 2020).
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These problems, which appear during the manufacturing process, are significantly more evident when
high amounts of RAP are used (>30%). Due to this fact, when designing RAMs with more than 25%
RAP, blending charts, which typically assume full blending between RAPb and RA, should be used
(AASTHO M323-12: Standard Specification for Superpave Volumetric Mix Design, 2012). Nonetheless, full
blending does not usually occur in reality. Therefore, Shirodkar et al. (2013) and Jiménez del Barco
Carrién et al. (2015) recommended the inclusion of the real degree of blending in the mix design process.
Although there have been many procedures in previous studies that aimed to assess, estimate, or simply
desctibe DoA/DoAv/DoB, there are still no fully developed and standardized testing procedures on
how to determine these amounts and include them in the mix design procedure.

In addition to these issues with RAP and fairly unknown blending phenomena, the use of polymer-
modified bitumen and the application of alternative materials (asphalt shingles, recycled concrete
aggregate, fly ash, etc.) have made this system even more complex and led to the pavement industry’s
need to develop new mix design method(s) adaptable to these materials. A promising attempt to improve
the mix design method of RAM includes the balance mix design approach, which was developed based
on the assumption that asphalt mixtures should be designed to achieve not only a certain volumetric
composition (air void content), as is the case with the Superpave mix design procedure (AASHTO Guide
for Design of Pavement, 1993), but also satisfactory rutting and cracking performance (Im et al., 2016; Martins
Zaumanis et al., 2018). This approach has shown high potential to be used for the design of RAMs (Zhou
etal,, 2011) because it ensures the identification of the impact of different virgin bitumen content (VBC),
recycling agent content (RAC), or polymer on mixture performance (Van den Bergh et al,, 2017).
However, the preparation of testing specimens for mix design purposes may require additional time for
cutting and sawing, making this procedure more complicated when compared to traditional methods.

Overall, it can be concluded that there is an evident need to establish a simple, easy-to-perform
procedure that will allow contractors to determine the optimal preheating temperature of RAP to save
resources without compromising RAM properties and develop an affordable and reliable mix design
method as a capable tool to predict mixture performance depending on the different components. The
research in this dissertation is based on four research hypotheses:

e The optimal preheating temperature of RAP can be decreased if a recycling agent is
used.

e The degree of binder activity depends on the preheating temperature.

e Small amounts of RAP (up to 15%) do not significantly affect the characteristics of
the hot asphalt mixtures, and such mixtures have similar properties to the control
mixture.

e RAM with 50% RAP can have similar properties to the control mixture if the
appropriate mix design procedure of HMA is performed.

1.2 Research Objectives

The main objective of the dissertation is to develop a mix design methodology of hot mix asphalt with a
high content of RAP, which would have properties as close as possible to the control mixture, composed
of virgin materials.

To realize the main objective, the following objectives are defined:

e The collection and analysis of the previous research in the field of RAP application
in HMA, with a special emphasis on the blending phenomena between aged binder
coming from the RAP and virgin bitumen.

e Due to lack of consensus on the theoretical mechanisms linked with the blending
phenomena in previous studies, it is necessary to provide a theoretical explanation
and nomenclature of key mechanisms linked with the blending phenomena (DoA,
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DoAv and DoB), together with a pragmatic framework to identify and possibly
quantify them.

e The selection of the most efficient RA, among the three available RAs of different
origin used in the dissertation, considering the basic and rheological properties of
binder blends after prolonged ageing time.

e The development of a methodology for determination of the optimal preheating
temperature of RAP, depending on the compaction type and presence of RA.

e The development of a mix design methodology of HMA with a high content of RAP
(50%), i.e. determination of the optimal RA and VB contents.

e The realization of an experimental plan to verify if the developed RAM is properly
designed by comparing its physical-mechanical properties with the properties of the
control mixture and mixture with 15% RAP.

1.3 Research Methodology

For this study, a quantitative research method is applied. Initially, a literature review was performed, with
a tendency to use research reports and papers from scientific journals and conferences of a more recent
date. Experimental data are collected by performing laboratory tests, mostly based on standardized testing
methods. During the development of a procedure for determining the optimal preheating temperature
of RAP, correlation and probabilistic optimization method are used. When considering the development
of mix design procedure of HMA with higch RAP content, response surface methodology is used to
develop predictive response models of four parameters (air void content, stiffness, indirect tensile
strength, and CTie), and regression analysis is applied to these models to assess their accuracy. Finally,
descriptive statistics is used to compare properties among three asphalt mixtures (control, and those with
15% and 50% RAP, respectively).

1.4 Dissertation’s Structure

This doctoral dissertation consists of seven main chapters.

In the first chapter, the research topic, the scope of the research, and the research questions and
objectives of the dissertation are described. The importance of using high RAP content in new HMA
and the complexity of the mix design procedure of HMA with high RAP content are explained.

The second chapter is divided into two parts. In the first part, an overview is provided of the literature
review on the factors affecting the blending phenomena between RAP and RA. Then, the anticipated
theoretical explanation and practical framework to assess the DoA, DoAv and DoB are followed by the
conclusions and recommendations for the further studies. The second part of the chapter provides state-
of-the-art testing methods used in previous research studies to help both the scientific and practitioner
community to find the appropriate method(s) for the evaluation of the mentioned parameters. The used
testing methods are explained in detail, and their advantages and disadvantages are given together with
recommendations for assessment of blending parameters. Finally, the methods that have only been used
in the evaluation of parameters considered are summarized.

The research methodology of the study, i.e. short descriptions and simplified flow-charts of
petrformed tests, is described in #he third chapter. There is also given a short explanation of all laboratory
tests performed within the dissertation.

The fourth chapter shows the measured properties of the componential materials used in the study
(virgin bitumen, virgin aggregate, RAs, and RAP), then explains the methods for the preparation of testing
specimens, depending on the purpose of the test, and finally describes the testing methods in detail.

The fifth chapter consists of two parts. In the first part, a methodology for determining the optimal
preheating temperature of RAP, with and without RA, is developed. Four specimens of RAP and RA
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were compacted in Marshall and gyratory compactors after preheating at different temperatures (70°C,
100°C, 140°C, and 170°C), whereas only RAP specimens were compacted at one more temperature
(190°C). The volumetric properties of each specimen were determined before measuring their stiffness
and indirect tensile strength (ITS), as well as before the calculation of CTinex parameters, which represents
the cracking susceptibility of the asphalt mixture.

Obtained results were then included in a probabilistic optimization method (the Monte Catlo
technique) to determine the optimal heating temperature of RAP considering the compaction type and
RA presence. The testing results, in terms of ITS and stiffness, were also used in the assessment of DoA
regarding different preheating temperatures. This was achieved by comparing these properties with the
same properties of mixture where full binder activation is forced (binder and aggregate were initially
extracted; binder was later recovered and then re-blended with the extracted aggregate).

In the second part of this chapter, a mix design methodology of hot mix asphalt with high RAP
content (50%) was developed. Seven mixtures, with different contents of RA and VB, were prepared
according to Doechlert’s experimental design. Four specimens of each mixture were compacted in a
Marshall compactor, and volumetric properties, stiffness, ITS and CTiwe were determined. Testing
results were then applied to the response surface methodology (RSM) to develop appropriate models.
The reliability of developed models was analysed by applying different statistical methods, which ere then
verified by preparing two additional asphalt mixtures that satisfied certain criteria for each parameter
considered. Based on the developed models, the optimal RA and VB contents in the asphalt mixture with
50% RAP were determined.

In the sixth chapter, three mixtures are investigated: control (composed of all virgin materials), with
15% RAP, and with 50% RAP, designed according to the fifth chapter. The following properties of each
mixture are determined and later compared: stiffness, water sensitivity, freeze-thaw, cracking (CTindes),
fatigue resistance, and resistance to permanent deformation (rutting resistance).

The seventh chapter summarizes the general conclusions of the study and gives several recommendations
for further studies.




Oreskovic D. Marko — Mix Design Methodology of Hot Mix Asphalt with High Content of Reclaimed Asphalt Pavement




Chapter 2. About the Blending Between Reclaimed Asphalt Binder and Recycling Agent: A Literature Review

Chapter 2. About the Blending Between Reclaimed Asphalt Binder and
Recycling Agent: A Literature Review

2.1 On the Degree of Binder Activity of Reclaimed Asphalt and Degree of Blending
with Recycling Agents!

2.1.1 State of the Art: Degree of Blending and Related Factors

When a RAP is incorporated within the manufacturing of hot or warm asphalt mixtures, a portion of the
aged bitumen surrounding the RAP aggregate acts as a binder in the new formulation and is eventually
combined with a recycling agent — defined here as the family of additives/admixtures added within the
RAM’s manufacturing process. This family of additives/admixtures has two different purposes:

1. To restore the properties of the RAPD (i.e. neat bitumen, naphthenic oils, etc.) to a desirable
level — they are known as “rejuvenators”.

2. To facilitate the mixing production process by allowing lower manufacturing temperatures
and, hence, higher RAP content (i.e. warm mix technologies) — they are known as
“lubricants”.

An explanation regarding the quantity of RAP binder (RAPb) used in the final binder blend of RAM
has not yet been cleatly established in previous studies. This quantity is sometimes identified as the asphalt
binder replacement, recycled binder ratio, effective RAPb, RAPb contribution, RAPb activity, RAP
working binder, RAPb availability (Kaseer et al., 2019), replaced virgin binder (Davide Lo Presti et al.,
2016) or the amount of re-activated binder (Stimilli et al., 2015). In mix design practices, this quantity is
a percentage of RAPb respecting the total mass of binder blend in RAM. However, its accurate estimation
still raises concerns due to its ultimate effect on mix performance. Although the current practices allow
asphalt technologists to assess the binder content of RAP, it remains unclear how much of this available
binder will actually contribute to the properties of the asphalt mixtures incorporating RAP.

Therefore, asphalt technologists typically consider two opposite scenarios: “full availability” and
“black rock” (Kaseer et al., 2019). Full availability (white aggregate in Figure 2.1) assumes that 100% of
the RAPDb content can be used in the new mix design as a part of the new binder blend. “Black rock”
states that 0% of the RAPb will be available for blending and that the RAP actually behaves as “black
aggregate” (black aggregate in Figure 2.1). However, it is widely believed that in the mixture, the RAPb
does not act only like a "black rock" and that full availability would be unlikely to occur. A more realistic
hypothesis lies between these two extremes and is usually described as the “partial availability” concept
(grey aggregate in Figure 2.1). Although this concept is well-recognized, the mix design of asphalt
mixtures incorporating RAP typically considers the RAPb to be fully available (AASTHO M323-12,
2012).

When discussing the blending phenomena, it is vital to distinguish between the amount of available
RAPD and its blending efficiency with a recycling agent. The first is linked to the degree of aged binder

' A version of this section has been published by D. Lo Presti et al. (2019):

Lo Presti, D., Vasconcelos, K., Oreskovi¢, M., Menengusso Pires, G. and Bressi, S. (2019) On the degree of binder activity of reclaimed asphalt and
degree of blending with recycling agents. Road Materials and Pavement Design. DOI: 10.1080/14680629.2019.1607537

Marko Oreskovi¢ performed the literature review (with the help of Dr Gustavo Menegusso Pires), and he wrote most of the text contained in the
manuscript. Dr Davide Lo Presti, as co-chair of RILEM TC 264-RAP — TG5 — Degtee of Asphalt Binder Activity, provided guidance and ideas for the
“Theoretical framework of the blending phenomena” section. Dr Kamilla Vasconcellos, as co-chair of the same TG, together with Dr Sara Bressi, provided
advice regarding the theoretical framework of the blending phenomena and editorial assistance.
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activity and to what will be defined here as “Degree of binder Activity (DoA)”, and the second is what
will be referred to here as “Degree of Blending (DoB)”. These phenomena should be carefully considered
since they may affect the mix design process differently: (i) Degree of Activity/Availability allows the use
of a lower quantity of virgin binder when this is used as a recycling agent; (ii) DoB allows estimating the
contribution that RAPb and recycling agent have in the conventional/rheological properties of the final
binder in the new RAM formulation. The DoA refers to the amount of RAPb that can be considered in
mix design practices, as mentioned above, whereas the DoB indicates how well, in terms of binder and/or
mixture properties, RAPb and recycling agents are blending.

These concepts seem to be widely recognized by the scientific community. However, the results of a
literature review (Table 2.1) highlighted that practitioners have not yet achieved a consensus on the terms
related to the blending phenomena, _
and authors use the following concepts 1@ Al
and terms interchangeably: blending b"'_*.i ‘
efficiency (Bowers, Huang et al., 2014; :

Bowers, Moore et al, 2014; Ding, Black 5 \\“‘i"’l
£ ggl—t’gﬂ (S

Huang, & Shu, 2016; Xu et al., 2018), “8&wee
blending status (S. Zhao et al., 2010),

blending ratio (Delfosse et al., 2010),

rate of intermixing (Oliver, 2001), Aged

binder transfer (Zhang et al.,, 2015), binder Mineral
mobilization rate (Bressi et al., 2015;
Ding et al., 2018; Vassaux et al., 2018;
S. Zhao et al., 2015), meso-blending (Gundla & Underwood, 2015) and the most used terminology by
far degree of blending (Abd et al., 2018; Al-Qadi et al., 2009; Booshehrian et al., 2013; Castorena et al.,
2016; Cavalli et al., 2017; Coffey, Dubois, Mehta, & Purdy, 2013; Gaitan et al., 2013; Kriz et al., 2014;
Liphardt et al., 2015; Mogawer et al., 2013, 2012; Navaro et al., 2012; Norton et al., 2014; Rinaldini et al.,
2014; Shirodkar et al., 2011, 2013; Stephens et al., 2001).

Figure 2.1 Null-Partial-Full availability concept

These definitions create confusion and overlapping, which ultimately result in communication issues
amongst practitioners, but they also highlight the lack of a consensus on the theoretical mechanisms
linked with the blending phenomena. This is also because the phenomenon occurring when a selected
RAP is heated and blended with a recycling agent is extremely complex, and several factors influence the
outcome. To clarify this key aspect, a literature review has also been undertaken to identify the factors
that influence RAPD blending phenomena. Table 2.2 and Table 2.3 show the summary of the literature
review for each parameter and explanation of the role played within the blending phenomenon. Some of
the factors identified are linked to the design and manufacturing of the asphalt mixture containing RAP
(Table 2.2), whereas others are strictly related to the RAP properties (Table 2.3).

Table 2.1 Definitions of terms related to the blending phenomena as found in the literature

Reference Definition
(Shirodkar et al., 2011) The degree of blending presents the amount of RAPb that will be
available for blending with the virgin binder.

(Coffey, Dubois, Mehta, The degree of blending is the percentage of RAPD that is effectively
Nolan, & Purdy, 2013; mobilized within the mix.

Coftfey, Dubois, Mehta, &

Purdy, 2013; Shirodkar et

al., 2013)

(Norton et al., 2014) The amount of residual binder that is active in a mix is known as the
degree of blending.

(Stimilli et al., 2015) Re-activated binder represents a partially melted aged binder that coats

the RAP fraction and interacts with the virgin binder contributing to the
overall performance of the resulting RAM.
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Reference

Definition

(Gundla & Underwood,
2015)

(Ashtiani et al., 2018)
(Vassaux et al., 2018)
(Gottumukkala et al., 2018)

(Ding et al., 2018)

(Vassaux et al., 2019)

Meso-blending refers to the blending of asphalt at scales above the
micro- or molecular levels. It is less concerned with the homogenization
of the molecular constituents and more so with the formation of a third
binding material that may be considered homogeneous at the scale
wherein rheological properties manifest (millimetres and smaller). It is
at this scale that the asphalt binder imparts its rheological characteristics
to the mixture.

Binder contribution describes the quantity of asphalt binder from RAP
that participates as an effective binder in a mixture design.

The remobilization represents the ability for the virgin binder to make
mobile again and disperse the RAPb layer.

Blending ratio is defined as the ratio of the weight of RAPb blended
with virgin binder to the total weight of RAPb.

The mobilization rate is the percentage of RAPb that can be mobilized
during mixing, peeled off RAP aggregate, and made available for
blending with recycling agents.

“Blend” presents the ability of two components to create a homogenous
product where the chemical composition is identical everywhere at the
scale observation of the study.

Table 2.2 Influencing factors on the DoB: Design and manufacturing of asphalt mixcture containing RAP

Parameter

Explanation of the influence (or lack of effect) on DoB and the
reference

Mixing temperature

Conditioning time

Mixing time

RAP content in RAM

If the mixing temperature is high enough, the RAPb should become
softer, or even fluid, making it easily blendable (Bowers, Moore, et al.,
2014; Campher, 2012; Cavalli et al., 2017; Ding, Huang, Shu, Zhang, &
Woods, 2016; He, Alavi, Harvey, & Jones, 2016; Kaseer, Arambula-
Mercado, & Martin, 2019; Kriz et al., 2014; Lo Presti et al., 2015; Nahar
et al., 2013; Navaro et al., 2012; Oliver, 2001; Rad, Sefidmazgi, & Bahia,
2014; Stephens et al., 2001; Zhang et al., 2015; Zhao et al., 2015).

Only one research study showed that mixing temperature seems not to
influence the DoB (Gaitan et al., 2013).

If the conditioning time is prolonged enough, the blending process may
result in an increased blending of the virgin and the RAP binder (He et
al., 2016; Kaseer et al., 2019; Rad et al., 2014).

If the mixing time is prolonged, it may be possible that RAP particles
begin to interact with each other, increasing the amount of the available
RAPb (Bowers, Moore, et al., 2014; Nahar et al., 2013; Navaro et al,,
2012; Oliver, 2001; Rad et al., 2014; Zhang et al., 2015; S. Zhao et al,,
2016; Gaitan et al., 2013).

Only one research study showed that this is not the case (Stephens et
al., 2001).

If the RAP content is too high, more energy would be required to
activate the RAPb (Booshehrian et al., 2013; Gottumukkala et al., 2018;
Huang, Pauli, Grimes, & Turner, 2014; Kriz et al., 2014; McDaniel,
Soleymani, Anderson, Turner, & Peterson, 2000; Oliver, 2001,
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Parameter

Explanation of the influence (or lack of effect) on DoB and the
reference

Virgin aggregate shape

Binder additives and

admixtures

Virgin binder properties

Filler particles

Aggregate absorption

Mixture reheating

Surface texture of virgin
aggregate

Virgin  aggregate
source, fraction size)

(type,

Shirodkar et al., 2011; Stimilli et al., 2015; Zhang et al., 2015; Zhao et
al.,, 2015).

However, one study showed that small RAP content does not influence
the amount of active binder (B. Huang et al., 2005a).

When virgin aggregate grains have high angularity, it should be easier to
release the aged binder from RAP particles compared to more rounded
ageregate (S. Zhao et al., 2015).

Recycling agents, anti-stripping agents, or other additives may be mixed
with the RAP or added to the virgin binder to soften or activate the
RAPb (Bowers, Moore, et al., 2014; Gaitan et al., 2013; Kaseer et al,,
2019; Liphardt et al., 2015; Mogawer et al., 2013)

If the virgin binder has low viscosity, it will easily cover RAP particles
and improve DoB (Booshehrian et al., 2013; Gottumukkala et al., 2018;
Hofko et al., 2016; Nahar et al., 2013; Norton et al., 2014; Rad et al,,
2014; Shirodkar et al., 2013, 2011).

This does not seem to be the case for the research study conducted by
Huang et al. (2014).

High quantities of filler particles will absorb a recycling agent before it
covers RAP and starts to soften the available RAPb (Al-Qadi et al.,
2009; Stimilli et al., 2015).

Aggregate with high porosity will absorb a recycling agent, decreasing
the active amount of recycling agent that is considered during the mix
design phase (Al-Qadi et al., 2009).

Successive heating of asphalt mixtures containing RAP can increase the
diffusion process, improving the DoB (Booshehrian et al., 2013).

Recycling agent can fulfil convex parts of the grains before blending
with the RAPb, decreasing the designed amount of a recycling agent
(Cavalli et al., 2016, 2017).

No influence (Oreskovic et al., 2017; Stephens et al., 2001)

Table 2.3 Influencing factors on the DoB: RAP characteristics

Parameter

Explanation of the influence (or lack of effect) on DoB, and the
reference

RAP conditioning
time/temperature

RAP binder properties

Conditioning the RAP for a prolonged time at high operative

temperatures seems to be beneficial for softening and activating the
RAP binder (He et al., 2016; Rad et al., 2014).

One research study showed that this is not the case (Gaitan et al., 2013).

With the increase of the RAPbD stiffness, it will be more difficult to
increase the DoB (Booshehrian et al., 2013; Hofko et al., 2016; Kaseer
et al., 2019; Nahar et al., 2013; Norton et al., 2014; Rad et al., 2014,
Shirodkar et al., 2013, 2011).

This does not seem to be the case for one research study (S.-C. Huang
etal., 2014).
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Parameter Explanation of the influence (or lack of effect) on DoB, and the
reference
RAPD film thickness If the RAPD film is thicker, there will be more binder, which may be

activated and blended during the mixing phase, increasing the DoB
(Cavalli et al., 20106, 2017; Kriz et al., 2014; Liphardt et al., 2015; Stimilli
etal., 2015).

RAP fraction size Due to the increase of the specific surface area with a reduction in the
size of the RAP particles, the amount of RAPb will be higher, which
means that more binder will become available for blending (Castorena
et al., 2016; Ding, Huang, & Shu, 2016; Stephens et al., 2001; Stimilli et
al., 2015).

However, this does not seem the case for Shirodkar et al. (2011)

RAP Variability High RAP variability can contribute to an unequal distribution of both
RAPD and aggregate causing various DoB within a RAM (Cavalli et al.,
2016; Norton et al., 2014).

RAP moisture content The mixing time is limited during the asphalt mixture production phase,
and heating the RAP will first cause the release of water (due to its high
moisture content), not the softening of the RAPb (Campher, 2012;

Zhang et al.,, 2015).
Surface texture and the If the RAP aggregate is geometrically inhomogeneous, the RAPb will be
micro geometrical trapped in the convex parts of grains and possibly will not be released
inhomogeneity of RAP during the mixing phase (Cavalli et al., 2016, 2017).

aggregate

2.1.1.1 The Need for the Degree of Binder Activity

From a careful analysis of the findings reported in Table 2.1-1.3, it is possible to highlight that the
blending phenomena is certainly influenced by the selected pre-processing conditions of the RAP: mixing
temperature and time, RAP content, RAP type, and applied recycling agent. In all the studies found in
literature, the blending phenomena have always been studied in a scenario where the RAP is blended
with a recycling agent (hereinafter referred to as “RAP + recycling agent scenario”). This is certainly the
most common scenario possible in practice, if not the only so far. However, the “only-RAP scenario”
deserves to be considered, especially in the classification of a RAP. Furthermore, Table 2.3 shows that
the amount of RAPb made available/active may vary, regardless of the addition of recycling agents.
Hence, for the sake of improving RAP characterization and classification, and to perform a more
informed design procedure for RAM, the concepts of RAPD availability and DoB must also be linked to
an intrinsic property of the RAP only, and the term Degree of binder Activity (DoA), here defined as
“the minipum amount of active RAP binder that a designer can consider for a selected RAP and a selected asphalt mixcture
manufacturing process”, must be introduced. This is necessary since DoA is an intrinsic property of RAP,
unrelated to the presence of recycling agents, and it changes by varying RAP type and processing
conditions (i.e. time, temperature).

Degree of binder Activity (DoA): the minimum amount of active RAP binder that a
designer can consider for a selected RAP and a selected asphalt mixture
manufacturing process.

2.1.2 Theoretical Framework of the Blending Phenomena

A theoretical framework of the blending phenomena will be first explored in this section. The framework
identifies quantities whose preliminary determination is fundamental for mix design purposes. Key
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mechanisms, relative definitions, and, when possible, formulations of DoA, DoAv and DoB are provided
to perform further research towards their validation and the definitions of methodologies to assess the
identified key quantities.

2.1.2.1 Key Mechanisms for Aged Binder Activity and Blending

A main assumption of the theoretical framework is that the presence of a recycling agent significantly
affects the blending phenomena. So, the framework is here discussed within two scenarios: “Only-RAP”
and “RAP + recycling agent”.

“Only-RAP scenario”: The aged binder is present in two different phases in the RAP: available and
unavailable (Figure 2.2). If only RAP is considered in the system, the available RAPb is equal to the active
binder and represents the minimum amount of aged binder, that at certain processing conditions (mixing
temperature — T, and time — t) can be considered available/active in the formulation of RAM. It
consists of two components, and together, they represent the active/available binder (Equation 1.1):

W activerapo (RAP type, t,T) = Wiguiaraph + Wsofterraprn (9] Equnation 1.1

where Wigiararsis equal to the portion of the liquid RAPDb that moves from one RAP particle to other
RAP particles or virgin aggregates [g], and Wi ur1p is equal to the layer of aged binder that remains stuck
for RAP particles while becoming softer and acting as a glue [g].

Alternatively, the amount of aged binder that cannot be considered available in a new formulation is
defined as the unavailable/inactive binder (Figure 2.2). This quantity is made of two components:

e “Black rock" RAP binder — the amount of aged binder that has become so stiff and
brittle that is considered as part of the RAP aggregate, showing no change in physical-
chemical behaviour and properties of itself at certain processing conditions.

e Absorbed RAP binder — the amount of aged binder that is absorbed by RAP
aggregate and is not considered effective as a binder film.

Liquid RAPb

Wiiquiarapb]
Softer RAPb

/ [WsofterRAPb]

~ “Black rock” RAPb
[WblackrockRAPb]

Available RAPb
[WavailableRAPb]

I Absorbed RAPb
[WabsorbedRAPb]

Figure 2.2 Example of the RAPb components

Hence, within the system with only-RAP, the total (Wrapym.) and available amounts of RAPb
(W ssaisaieraps) for a new formulation are given by Equations 1.2 and 1.3:

WRAPb.total = WaCtiveRAPb + WinactiveRAPb = WliquidRAPb + WsofterRAPb + WblackrockRAPb + WabsorbedRAPb [g] Eqﬂﬂﬂb” 72
WavailableRAPb ("Only RAP — Scenario") = WactiveRAPb (RAP type, t, T) [g] Eqﬂdﬂb” 1.3

where %/,WdRAp[;iS the amount of hquld RAPDH [g], I/V}aﬁwRAPb is the amount of softer RAPb [g], Wy/m,gm,%RApb
is the amount of “black rock” RAPD [g], and Wissmarars is the amount of absorbed RAPD [g].
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“RAP + recycling agent” scenario:

When any recycling agent is added to the mixture, the available and unavailable binder amounts may
change due to further activities that are proportional to the efficiency of the combination of the
processing conditions and the recycling agent, as follows:

e Short-term activated binder (STAb): short-term activity happens when the recycling
agent comes into contact with the RAPb at fixed processing conditions, resulting in
a decrease of the “black rock” and possibly absorbed binder.

e Long-term activated binder (LT Ab): long-term activity is due to an eventual diffusion
of the recycling agent into the RAPb over time, and it might result in an even bigger
decrease of the unavailable RAPb.

The activation of a certain amount of “black rock” RAPb and absorbed RAPb due to the effect of
the recycling agent, time, and temperature forms the activated binder, which is here defined as:
Wactivateararp (Rec.ag.type, RAP type, t, T) = Wsrap + Wirap [9] Equation 14

Figure 2.3 clearly shows the difference between the ‘active’ RAP binder (“Only-RAP” scenario) and
the ‘activated’ binder (“RAP + recycling agent” scenario).

“Only-RAP” scenario (DoA)

Vs g RAP binder content [%0] S \
I [Wrapb,total \
| O —— |
: Available [%0] Unavailable [%0] :
1 Wactiverapo (RAP type, t, T)] 1
e ——————— A S——————————————— |
| . . o “ v b
I Active RAP binder [%] “Black rock” RAP binder [v6] - ootbed RAP B
I f RAP type, t, T) binder [%0] I
\ I

\ (Wiiquiarapo+Wsoterrapp | [Whiackrockrapb] [Wabsorbearapy] 2 Addition of

i -z recycling agent

“RAP + recycling agent” scenario (DoA, DoAv)

T T T T T T T T T T T T T T T T T T T T T T T T T T T T ~ N
'/ RAP binder and recycling agent content [%o] [Weotai] \
T e —————————dL
1 Unavailable RAP |
| Available RAP binder [%0] binder [%o] |
| ) () |
| Wactivatearapn (Rec. ag. type, RAP type, t, T) :
1
1 Active RAP binder [%] Activated RAP binder [%] Recycling Residual inactive :
: f RAP type, t, T) (short term and long term) agent [%0] RAP binder [%0]

!
‘\ [VVliquidRAPb +Wsofte'rRAPb] Wsrap+Wirap] [Wresid.rec.ag] [Whiackrockrapb+Wabsorbearapb )
~ -

Figure 2.3 Schematic representation of the theoretical framework of the blending phenomena

Consequently, in the presence of a recycling agent, the key mechanisms of the “only-RAP” scenario
will change. If the recycling agent is effective in activating a portion of the inactive aged binder, the
available binder phase will increase due to the short-term and long-term activations (activated binder) as
shown in Figure 2.3. Hence, the inactive RAPb can be defined as the amount of aged binder that can
only be partially activated by the combined effect of time, temperature, and a recycling agent. Also, the
total amount of binder within this scenario (W), as shown in Equation 1.5, will increase exactly by the
amount of recycling agent that will contribute forming the activated binder and will possibly stay in the
blend as a residual component. Equation 1.6 presents the formulation of the available amount of binder,
considering the intrinsic characteristics of the RAP and the recycling agent effect.
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Wtotal = WliquidRAPb + WsofterRAPb + WSTAb + WLTAb +Wblackrock + Wabsorbed + Wresid.rec.ag [g] Eqﬂﬂﬂbﬂ 1.5

WavailableRAPb (RAP +rec.ag. ) = WactiveRAPb (RAP type, t, T)+ WactivutedRAPb (REC. ag. type, RAP type, t, T) [g] Eqﬂﬂﬂb” 76

whete Wir.q; is the amount of short term activated RAPD [g], Wi is the amount of long term activated
RAPD [g], Widnaraps is the amount of “black rock” RAPbD [g], Wwmarars is the amount of absorbed
RAPD [g], and Wsidsecag is the amount of a residual recycling agent [g].

2.1.2.2 Degree of Binder Activity (DoA)

Based on the presented framework, the “Degree of Binder Activity” (DoA) can be defined as the ratio
between the minimum amount of aged binder that can be considered active for the formulation of the
new recycled asphalt mixes (active binder) and the total aged asphalt binder. Hence, DoA is considered
here to be an intrinsic property of each RAP material, and it will vary by changing the RAP type and
processing conditions (i.e. mixing temperature and time), regardless of the addition of recycling agents
before and/or during the RAM manufacturing. The activity is intended to characterize the minimum
amount of aged binder that can be considered available in new RAM; hence, it does not need replacing
by a recycling agent. The DoA can be expressed as follows:

w i RA typet, T
DoA = activeRAPD( yp ) -100 [
WRAPD total

% mass] Egquation 1.7

whete Wiwars is the amount of active RAPb with no influence of a recycling agent (Wigimrars, and
Weperapy binders) [g], and Wrapsma is the total amount of binder in RAP [g] obtained by bitumen
extraction according to standards (ASTM D2172/D2172M-17¢1, EN 12697-1:2012).

The definition of the DoA is deemed necessary to improve the classification of the RAP materials
family, concerning its use in RAM. On this basis, the Task Group “DoA” of the RILEM Technical
Committee 264 RAP is currently undertaking an inter-laboratory exercise to provide asphalt technologists
with a procedure to assess it (Davide Lo Presti et al., 2017; Tebaldi & Dave, 2015).

2.1.2.3 Degree of binder Availability (DoAv)

Within the only-RAP scenario, the available binder is equal to the active binder; hence, there is no need
to determine any other quantity. However, if a recycling agent is added, the amount of binder made
available for mix design purposes will change. The extent of change depends on the properties of both
the aged binder and the recycling agent, as well as on a series of factors described in Table 2.2 and Table
2.3. Hence, the available binder is believed to be formed by the active binder complemented by the
activated binder and the residual amount of recycling agent (Figure 2.3). Therefore, the degree of binder
availability (DoAv) will probably be higher than the DoA, and it can be estimated from the following
equation:

w i RAP+rec.ag. .
DoAv = Yavailablerapb( ). 100 [% mass] Eguation 1.8
WRAPD,total

Degree of binder Availability (DoAv): The binder available for blending formed not
only of the binder activated during the manufacturing process and the residual
amount of a recycling agent, but also of the binder activated under the influence of
the recycling agent

Assuming the cortect DoA/DoAv for a selected RAP is crucial to obtain RAM that complies with
specific design standards. In fact, mix design methodologies typically aim to estimate the optimum binder
content of a given asphalt mixture; hence, the risk is to use too much or too little asphalt binder for RAM.
This will lead to the lower performance of RAMs with high RAP content than traditional ones (Coffey,
Dubois, Mehta, Nolan et al., 2013), and, in turn, it will affect the pavement design and durability (Norton
et al,, 2014, Kaseer et al., 2019) and also increase marine ecotoxicity, fossil depletion, and human toxicity
(Bressi et al., 2019). It needs to be underlined that activated RAPb is defined as the sum of a component
immediately available during asphalt manufacturing (STAb) and as a component that will be activated
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through diffusion (LT'Ab). Asphalt technologists might need to consider these differences within the
design of asphalt mixture incorporating RAP since these components might be available at different
stages, whereas ageing might play a significant role in this picture.

2.1.2.4 Towards a Formulation for the Degree of Blending

The presence of a recycling agent will not change the active binder but will most likely change the available
binder of a selected RAP. The extent of this effect will, in turn, significantly affect the
conventional/rheological properties of the final binder and/or asphalt mixture. Hence, this study aims
to cleatly separate definitions and proposes a new definition of the Degree of Blending (DoB):

Degree of Blending (DoB): an indicator describing to what extent the RAP binder
contributes to the final properties of the asphalt mixture’s binder blend composed
of aged binder and recycling agent.

This definition permits us to focus on the degree to which the blending efficiency of the available
binder, rather than the amount of binder, impacts the properties of the final blend. Although this is
fundamental to adapt mix design procedure, formulating the DoB hinders several issues, such as the
uncertainty in selecting a property of the binder/mixture (physical, mechanical, theological) and the
hypothesis of full-partial-null blending.

Table 2.4 reports the most recent formulations of DoB from the literature. From a careful analysis,
it can be seen that approaches are quite different. Most of them were focused on the binder level by
measuring rheological, mechanical, and chemical properties. Analyses of binder require binder extraction,
which may give inaccurate results due to the negative impact of the solvent used for binder extraction.
Furthermore, some of them force blending between a recycling agent and RAPb, which may also cause
inaccurate results.

Due to this complexity, the identification of a formula to describe the DoB is not included in this
study. Howevet, conventional/rheological/chemical properties of the RAP binders, as well as the link
with DoA/DoAv, should be considered in a possible formulation of the DoB. Further studies should
not be restricted to binders only, and they should include testing the RAP, mastics/mortars, and mixtures.

Table 2.4 Proposed formulas for determination of the DoB from investigated literature

Reference Formula

(Shirodkar et al., 2011)

_ |A(Uir‘ginagg)blend pinder"AR4Pagg) piena binderl

Blending ratio = Eguation 1.9

|Avirgin binder—ARAP virgin binder 0 blend|

where A(Virginagg)biend binder 1S €qual to the binder property “A” of blended
binder coating the virgin aggregate, A(RAP,s0)blend binter 18 €qual to the
binder property “A” of binder blend coating the RAP aggregate, Auirin
binder 1S €qual to the binder property “A” of the virgin binder; and Arap
virgin binder 0 blend 18 €qual to the binder property “A” of the RAP and virgin
binder that coats the RAP aggregate, assuming 0% blending.

Degree of partial blending (%) = 100|1 — Blending ratio| Egquation 1.10

15



Oreskovic D. Marko — Mix Design Methodology of Hot Mix Asphalt with High Content of Reclaimed Asphalt Pavement

Reference Formula

. . C LMSY .
(Bowers, Moore, et al, Blending ratio = O?LOA) Egquation 1.11
2014) Fine LMS%

where Coarse LMS% is the LMS% of the coarse aggregate, and Fine
LMS% is the LMS% of fine aggregate. LMS% is defined by the area
beneath the chromatogram obtained by using Gel Permeation
Chromatography (GPC). When dividing the chromatogram into 13
slices, the first 5 are considered the LMS and can be expressed as
follows:

.. .5
Area of flTStEOf chromatogram

LMS% = 100 Eguation 1.12

X
Total Area beneath chromatogram

(Kaseer et al., 2018) PGHpieng = (RAPgg X PGHpap) + (RASpg X PGHgas) + (Bpr X PGHpqse) Equation 1.13

where PGHyiis equal to the high PG temperature of binder blend,
RAPyris equal to the RAP binder ratio, PGHr.p is equal to the high PG
temperature of RAP binder, RASpr is equal to the Reclaimed Asphalt
Shingle (RAS) ratio (if used), PGHrus is equal to the high PG
temperature of RAS (if used), Bpr is equal to the virgin binder ratio, and
PGHp,, is equal to the high PG temperature of virgin binder.

(.Yu, Shen, Zhaqg, Zhang, & pp _ In(R'c)=In (Ry) x100%

Jia, 2017; Shuai Yu, Shen, In(Rp)~In (Ry)

Zhou, & Li, 2018) where BR is the RAP blending ratio, R'c is the specific property
parameter for a coarse-mixture binder, R, is the specific binder property

parameter for the virgin binder, and R, is the specific binder property
parameter for the proportion binder.

Egquation 1.14

(Abed et al., 2018) DoBY = T5Mac-sonrar o 100, Equation 1.15
ITSM control

where DoB% is equal to the percentage of the degree of blending
between RAP and soft binders, ITSMacsowrap is equal to the stiffness
modulus of AC samples with 50% of RAP, and I'TSMconwal is equal to
the stiffness of the control mixture.

(Dingetal,, 2018;S. Zhaoet , _ _Pwirgimy*RAP binder (%)piena Equation 1.16

al., 2015) M ™ P(»,rapyx(1-RAP binder (%)piena)

where oy is the RAPb mobilization rate, Ppig is the percentage of virgin
bitumen per total mixture, Py,r4p) is the percentage of RAPb by total mixture,
and RAP binder (%o)unaiis the RAPb content in the blend.

2.1.2.5 Introducing DoB in Mix Design Procedures

In the era of performance-based design, considering the properties of the final blend is a target is of
paramount importance. In fact, AASHTO specification (AASTHO M323-12,2012) prescribes that if less
than 15% RAP is used, there should be no change in the virgin binder grade. Furthermore, if RAP content
is between 15% and 25%, one grade softer virgin binder should be used, while if more than 25% RAP is
added to the mixture, blending charts should be used (Soleymani et al., 1999). Figure 2.4 is an example
of a blending chart, which helps in determining the amount of RAP that should satisfy certain binder
propetties, in this case, high PG temperature, defined as Teidca. Linking the DoB to the final binder blend
propetties, therefore, seems to be fundamental, but it is not yet established which properties should be
considered.
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Another important remark towards the 88

formulation of DoB is that this quantity should 82

be lined with the previously defined @

DoA/DoAv. In fact, the final properties % 76

(mechanical, chemical, physical) of a binder £ 70

blend may be correctly predicted by using = g4

blending charts, but only if they are linked with 58

the real amount of active/available binder from 5 |

the RAP and, eventually, a recycling agent.
Additionally, it was concluded that the blending 0%  20% 40% 60% 80% 100%
charts proposed by AASHTO M 323-12 assume
that the properties of a binder blend change
linearly as the percentage of RAP increases, Figure 2.4 Blending chart and predicted law based on high
although it is uncertain whether this will be the PG temperature (adapted from McDaniel et al. (2000))
case due to the uncertainty in the amount of

binder “supplied” by the RAP. In support of this, a previous study has shown that linear blending charts
have limitations when high percentages of RAP are used (>25%) (Shirodkar et al., 2013).

Al-Qadi, Elseifi, & Carpenter (2007), Hajj et al. (2012), and Stephens et al. (2001) concluded similarly
that blending charts, which are based on the assumption of full blending, might be invalid if virgin binder
and RAPb do not interact completely.

Percentage of RAP

Since the full blending scenario means that the whole amount of RAPD is blended with the recycling
agent, the use of some blending charts may wrongly predict the properties of the final binder blend if
they do not consider real DoB. To overcome this issue, Jiménez del Barco Carridn, Lo Presti, & Airey
(2015) suggested modifying the mix design methodologies by adapting the calculation of the replaced
virgin binder (RVB) considering the uncertainty of the DoB:

RAP content in the mixture-DoB'RAP binder content(1+RE] ratio)
binder content in the mixture

RVB(%) = 100 - Equation 1.17

where RAP content in the mixture is the total RAP percentage to add in the mixture by weight, RAP binder
content is the RAPb content, RE] ratio is the ratio between rejuvenator and RAPb, binder content in the mixture
is the designed final binder content in the mixture, and DoB is the assumed degree of blending between
RAP and virgin binder (60% and 100%) (Lo Presti et al., 20106).

According to these studies, results allow mix designers to verify whether the quality of the selected
recycling agents is suitable to obtain a final binder blend achieving the desired properties, while
considering the effect of the DoB. Based on this evidence, and keeping in mind that current practices
consider mostly the “full blending” approach, it is important to re-define the full-partial-null blending
concept, including the link between DoA, DoAv, and DoB (Figure 2.5):

/
| DaB=100% P
{
| - __/'._.
'
Absorbed binder Abserbed binder
Black rock Black rock Recycling agent(s)+
Recycling agent Recycling agentis)+ whole amaunt of RA
part of RA binder binder
a)DoA = DoAv = 0% b) 0%<DoA<DoAv<100% ¢) 0%<DoA<DoAv<100%

Figure 2.5 Full-partial-null blending concepts including DoA, DoAv and DoB

e DoB = 0% or null blending is possible only when the RAPD is not active (DoA = DoAv =
0%); so, there is no aged binder available to modify the physical/mechanical properties
of final binder blend/mixture (Figure 2.5a).
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e 0%<DoB<100%, or partial blending, presents the case when only a certain amount of
RAPD is activated within asphalt mixture (0%<DoA< DoAv<100%); hence, it only
partially contributes to the change in properties of the final binder blend/mixture (Figure
2.5b).

e DoB = 100%, or full blending, is an ideal scenario where the amount of RAPb engaged
blends petfectly with the recycling agents; hence, the final binder blend/mixture
properties are proportional to the amount of RAPb content over the total binder amount
in the mixture. It is vital to underline that a full blending scenario could also happen
without a full availability scenario (0%<DoA< DoAv<100%), as it is displayed in Figure
2.5c¢.

2.2 Quantitative Assessment of the Parameters Linked to the Blending Between
Reclaimed Asphalt Binder and Recycling Agent?

2.2.1 Investigation Methods for Evaluation/Assessment of DoA, DoAv and DoB

Even in an era in which 100% RAP is used in RAM, some important questions remain to be answered:
How much binder is actually activated from RAP within the new asphalt concrete manufacturing process,
and how does it blend with the recycling agent? One possible reason why these questions are still un-
answered is that assessing the DoA and DoAv of RA and/or the DoB of the blend constitutes a multi-
variable problem, with several factors influencing the outcome. However, these parameters are so crucial
that identifying suitable methodologies for assessing them would be of key significance in controlling the
contribution of aged binder in the RAM and selecting the optimal amount of a recycling agent. This
section presents the results of a critical literature review specifically examining methodologies used so far
for determining DoA, DoAv and DoB. The most relevant studies that quantify or simply describe these
parameters are shown in this section.

—\ DoB
f Nanoindentation \ \

Microscopy

Spectroscopy Asphalt mixture

Binder testing
Chromatography testing

Mode}hng Computed
techniques

N Vil )

\ DoAv

/ Numerical

simulation
techniques

Mechanical
blending

DoA

Chemical Mechanical Mechanistic Visualization
approach approach approach approach

Figure 2.6 Methodologies used for the determination of DoA, DoAv and DoB

2 A version of this section has been published by Oreskovié et al. (2020)

Oreskovi¢, M., Menengusso Pires, G., Bressi, S., Vasconcelos, K. and Lo Presti, D. (2020) Quantitative assessment of the parameters linked to the
blending between reclaimed asphalt binder and recycling agent: A literature review. Construction and  Building Materials, 234: DOI:
10.1016.j.conbuildmat.2019.117323.

Marko Oreskovic¢ was the corresponding author, performing the entire literature review, with the help of Dr Gustavo Menegusso Pires, and writing the
text contained in the manuscript. Dr Davide Lo Presti and Dr Kamilla Vasconcellos, Co-Chairs of RILEM TC 264-RAP — TG5 — Degtee of asphalt binder
Activity, and Dr Sara Bressi provided guidance and editorial assistance
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The investigation methods for the determination of blending parameters (DoA, DoAv, and DoB)
from previous studies are grouped in four macro-areas related to their approach (mechanical, chemical,
visualization and mechanistic), as displayed in Figure 2.6. A mechanical approach includes mechanical
blending, binder testing, asphalt mixture testing, and nanoindentation technique. A chemical approach
covers spectroscopy and chromatography techniques; visualization approach covers microscopy and
computed tomography (CT), and finally, a mechanistic approach includes numerical simulation
techniques and modelling techniques.

2.2.1.1 Mechanical Approach

Testing methods where any mechanical act is applied on a testing sample/specimen during a test (i.e.
mixing between RAP, aggregate and/or recycling agent; asphalt mixture testing, etc.), belong to
mechanical approach for determining blending parameters. This approach includes mechanical blending,
binder testing, asphalt mixture testing and nanoindentation techniques. This approach has the highest
potential to be used in the assessment of all blending parameters.

2.2.1.1.1 Mechanical Blending

Mechanical blending methods may be used for determining both DoA and DoAv. Within these methods,
different fractions of RAP and virgin aggregate are blended, with or without the addition of recycling
agents, for a certain period of time under certain conditions.

The coating study (Figure 2.7) presents the procedure: the RAP fine particles are blended with virgin
coarse aggregate particles, or without the addition of a recycling agent and then separated using a
“threshold” sieve. This coating study aims to estimate the DoA, i.e. the quantity of RAPb mobilized from
RAP particles to virgin aggregate particles by only using the mechanical action of mixing under different
processing conditions, various RAP content, and fraction size.

’ R/

.%}‘;.? ‘:> (u:th Q"T

( l( ?
Coarse virgin I*mc R;\P arse v
; . & Coarse virgin Fine RAP
aggregate aggregate coated
with RAPD

Figure 2.7 Coating study

A similar procedure, but with the addition of a recycling agent, is called a blending study (Figure 2.8).
It is typically the initial stage of further binder blend analysis used to determine DoAv (B. Huang et al.,
2005b; Shirodkar et al., 2011), but it can also be independently used to determine it (Kaseer et al., 2019;
Oreskovi¢ et al., 2017). The blending study may also be performed with the use of an artificial aggregate
(i.e. round-shaped gravel, glass, or steel beads) instead of a part of virgin aggregate to analyze DoAv (S.
Zhao et al., 2015), although this kind of aggregate does not realistically simulate the situation in the asphalt
plant.
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with RAPb and RAPD and
Recycling recycling agent  recycling agent

agent
Figure 2.8 Blending study
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Both procedures were developed by Huang et al. (2005b) and later explained by Shirodkar et al.
(2011). The “threshold” sieve size, RAP content, mixing and storage time, and mixing and storage
temperatures are variables that may change considerably. These variables have not been defined by a
standard procedure; so, they typically depend on the researcher’s choice.

Huang et al. (2005b) conducted the coating study using 10%—30% RAP at the mixing temperature
of 190°C and the mixing time of 3 min. The DoA was around 11%, regardless of the RAP content.
Shirodkar et al. (2011) used 25% and 35% RAP, under different conditions (mixing temperature: 177°C;
mixing time: 10 min; storage time: 2 h and 30 min at mixing temperature) and obtained a DoA of 24%
and 15%, for 25% and 35% RAP, respectively. Rinaldini et al. (2014) conducted a coating study by
blending 50% previously preheated fine RAP particles with 50% of coarse virgin aggregate also preheated
at 185°C, obtaining very low DoA values. Gottumukkala et al. (2018) used 20% and 35% RAP within
the coating study at the mixing temperature of 160°C and obtained DoA of 12.4% and 10.4%,
respectively.

Kaseer et al. (2019) performed a modified blending study, without any further testing, to evaluate
DoAv where a virgin mix, consisting of three distinct fractions (coarse, intermediate, and fine), was mixed
with virgin bitumen (VB). After blending, the binder content of each fraction was determined. Additional
RAP mix was made in the same way but using RAP of intermediate size instead of virgin aggregate. The
binder content of each fraction was also determined. The idea behind this concept is that if there is no
difference between the binder content of intermediate fractions of both mixtures, DoAv is 100%. Four
types of RAMs were later made to verify this approach: soft RAP (without ageing), stiff RAP (5 days
ageing at 110°C), very stiff RAP (10 days ageing at 110°C) and extremely stiff RAP (10 days ageing at
110°C plus 3 days at 150°C). Results showed that DoAv was 91.9%, 85.0%, 66.4%, and 39.1% for these
mixtures, respectively. In the same study, a couple of different RAP materials were analysed together with
the addition of a recycling agent and different conditioning times (2 and 4 h) and mixing temperatures
(140°C and 150°C). It was concluded that extending the conditioning time did not significantly increase
DoAv that was going from 50% to 95%, and that the addition of recycling agents increased DoAv at the
lower mixing temperatures.

To obtain bitumen from RAP, RAM, or materials from blending studies required for testing, it is first
necessary to extract and then to recover it. The extraction procedure is usually a single stage, typically
used for determining the binder content of an asphalt mixture or binder blend properties, whereas a
staged (multistep, multiple) extraction procedure is a widely-used procedure for analysing the different
binder layers around the RAP/aggregate particles. During the staged extraction procedure, particles
coated with the binder are first soaked into a solvent for the time required to obtain the solution of the
binder and solvent. After the first soak, the process is repeated with clean solvent for as many times as
necessary, depending on the number of layers that the researchers want to characterize (Figure 2.9).

HMA or WMA with RA
and recycling agent

‘ HMA or WMA with RA I HMA or WMA with RA I

and recycling agent and recycling agent

7 seconds n seconds 7 seconds
Solvent @
Binder recovery Binder recovery Binder recovery
1st layer 2nd layer nth layer

Figure 2.9 Scheme of the staged extraction procedure

During the extraction, standard or staged, both RAPb and VB, are soaked in a solvent, forcing their
blending on that way. This can distort the determination of DoAv and DoB but may also affect the
binder properties due to the influence of the solvent used (Xu et al., 2018). Although this method may
provide vital information for estimating DoAv and DoB (Nahar et al., 2013), it needs further investigation
to overcome the technical issues mentioned.
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After the extraction procedure, the Abson recovery method, rotary evaporator, fractionating column
or leaching system can be used to recover the asphalt binder from the solution before subjecting it to any
testing.

2.2.1.1.2 Binder Testing

Rheological and physical properties of bituminous binder can provide significant contributions in the
determination of DoAv and DoB, frequently in combination with other testing methods. The most
commonly used equipment for performing rheological tests are (I) the Rotational Viscometer (RV) for
binders at high service temperatures; (II) the Dynamic Shear Rheometer (DSR) at a whole range of
temperatures, and (IIT) the Bending Beam Rheometer (BBR) at low operating temperatures. Output data
are expressed in terms of the dynamic shear modulus (| G*|), phase angle (), creep stiffness (S(t),
and/or rotational viscosity (*).

Gottumukkala et al. (2018) carried out a blending study on mixtures with 20% and 35% fine RAP
particles (<4.75 mm) blended with coarse virgin aggregate (>9.5 mm) at 160°C and different virgin binder
types. DoAv was evaluated on the binders recovered from both patts after determining the G*/sina and
penetration and softening point values, ranging from 16% to 87%, concluding that it depends on the VB
type and RAP content. Yu et al. (2017) performed a blending study with fine RAP (<4.75 mm), coarse
virgin ageregate (>9.5 mm) and VB. For this study, three mixtures were prepared, with 20%, 40% and
60% RAP, respectively. Rheological parameters (for rutting performance: G*/sina, Jaw1, and Jusz2, and
for fatigue performance: G*sind) were measured to assess DoAv, which was found to be, on average,
30%, 83%, and 72% for mixtures with 20%, 40%, and 60% RAP, respectively.

Stephens et al. (2001) used steel ball bearings to break RAMs with 15% and 25% RAP into fine and
coarse particles to investigate DoB. Tests were performed on binders recovered from both fractions
using DSR and BBR. DoB was not quantified, but it was concluded that the RAP aggregate source does
not influence DoB, whereas the RAP quantity significantly influences it.

Shirodkar et al. (2011) performed a blending study on mixtures with 25% and 35% RAP where fine
RAP (<2.36 mm) and coarse virgin aggregate (>4.75 mm) were blended with VB previously preheated
to mixing temperature. The quantity of VB used in the blending study was determined as the difference
between the appropriate designed binder content from the job mix formula and the estimated DoA
obtained during after coating study from the same research. After blending, binders were recovered from
both parts, and their properties (| G*| and 8) were determined. At the same time, the specific surface
area of fine RAP aggregate was calculated, using Bailey’s method, to determine the proportion of VB and
RAPD that would coat the fine RAP aggregates under zero-blending conditions. Those amounts were
then blended and exposed to short-term ageing before determining their properties (| G* | and 8). DoAv
was estimated by comparing rheological properties of the recovered and blended binders: 70% for the
mixture with 25% RAP, and 96% for the mixture with 35% RAP.

Gaitan et al. (2013) carried out the same procedure, comparing HMA and WMA with 25% RAP but
using different testing conditions (mixing and conditioning time and mixing temperatures). It was
concluded that the DoAv of WMA is higher than that of HMA (82-85% compared to 59%) due to the
presence of a recycling agent. Also, it was observed that mixing time increases DoAv, whereas
conditioning time and mixing temperature did not affect it.

Bressi et al. (2015) cartied out a blending study where 50% and 90% RAP (0/4 mm and 0/16 mm,
respectively) was preheated for 1 h at 135°C, whereas the coatse virgin aggregate (4/22 mm and 16/22
mm, respectively) was preheated for 3 h at 180°C. After preheating, these fractions were blended with
VB and left in the oven at 180°C for 30 min. Binder was recovered from the coatse part that retained on
the threshold sieve, and it was assumed that the RAPb of the coarse part was blended with VB if the
| G*| value of the blend was higher than the | G*| value of VB. Results showed only a small amount of
the RAPb was mobilized during the blending process.

Rinaldini et al. (2014) petformed a blending study using 50% fine RAP patticles (2.4/4 mm) in
combination with coarse aggregate (8/11 mm) and 5% VB. Also, two more mixtures were prepared: one
containing a coarse virgin aggregate fraction and VB, and a second one containing only the fine RAP.
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Rheological tests were performed on binder blends recovered from the fine RAP and coarse virgin
aggregate, as well as on binders recovered from the other two mixtures. DoAv was not quantified within
this research, but the dynamic modulus master curves showed that a certain amount of RAPb was
additionally activated under the influence of the VB.

Liphardt et al. (2015) went a step further from the assessment of DoAv and DoB based on the | G*|
value and used the Multiple Stress Creep Recovery (MSCR) test. Binder tests were performed on the
binders recovered after a staged extraction procedure from an asphalt mixture containing only RAP and
VB. Although the DoB and DoAv were not quantified, it was concluded that there was no full blending,
Also, MSCR showed high potential in the assessment of DoAv and DoB, especially if one of the binders
is polymer-modified.

2.2.1.1.3 Asphalt Mixture Testing

Performances of asphalt mixtures may be predicted by carrying out the mixture performance tests, such
as the wheel tracking test, the SUPERPAVE shear test, the indirect tension test, fatigue tests, etc. The
comparison of various mixtures’ performances, using the same test conditions, has been used in several
studies to isolate the influence of RAP on RAM’s performance (Al-Qadi et al., 2009; McDaniel et al.,
2000; Mogawer et al., 2012). Since this approach may be useful in determining the influence of a certain
parameter (e.g. RAP content, recycling agent type and content, etc.) on mixture performance, it has the
highest potential to be used in estimating DoB.

Stephens et al. (2001) used an unconfined compression test and indirect tension test to determine the
influence of RAP heating time, binder type, and aggregate source on the DoB of RAMs with 10-25%
RAP. It was concluded that more complete blending occurs in RAM if the RAP reaches a temperature
high enough to soften the aged binder and make it available for blending with the recycling agent.

Stimilli et al. (2015) developed an analytical method combining the performance-based equivalence
principle and a specific surface area of aggregates from the mixture, assuming that amount of activated
RAPDb was proportional to the re-activated binder film thickness. The performance-based equivalence
principle was based on the assumption that the “working” binder content in a virgin asphalt mixture and
RAM are the same if the mechanical performances of both mixtures are comparable. Four RAMs were
prepared for this research: one reference mixture, with 25% unfractionated RAP (0/16 mm), three
mixtures with 40% fractionated RAP (one with coarse RAP fraction (8/16 mm), one with fine RAP
fraction (0/8 mm), and one with combined coarse and fine fractions. Results showed that the reference
mixture and mixtures with fine and combined fractions had approximately the same DoAv (70%),
whereas the mixture with coarse RAP fraction had a lower DoAv value — around 50%. Furthermore, it
was concluded that the proposed methodology overestimates the real amount of re-activated binder in
the mixture with a high amount of fine RAP particles because a certain amount of RAP particles often
tend to agglomerate together, in that way possessing a lower surface area than the one calculated from
the original RAP aggregates obtained after binder extraction. The significant difference between real and
calculated surface area may be a consequence of the applied surface area factors (Duriez, Hveem,
Bailey’s), which consider grains as a sphere or as a cube, whereas the RAP clusters introduce irregularities
in the calculation of a specific surface area. Research results of this study were later confirmed by Bressi
et al. (2010), with recommendations to adjust these factors, considering the real shape of the clusters.

Abd et al. (2018) used specially prepared cylindrical specimens of a gap-graded hot rolled asphalt
mixture containing 40% RAP for testing in modified DSR equipment to estimate DoB. Although it was
not quantified, the results showed that there was no complete blending between RAPb and VB, except
in the case when a lubricant was used at higher mixing temperatures.

Abed et al. (2018) prepared RAMs with 50% RAP and 160/220 binder grade as rejuvenators, varying
the RAP preheating temperature (95-135°C) and mixing time (1-5 min) to assess their influence on DoB,
measuring the indirect tensile stiffness modulus (ITSM). Results showed that, depending on the
processing conditions, DoB varied from partial to almost full blending: at low mixing time (1 min) and
temperature (95°C), DoB was around 36%, whereas, at sufficiently high mixing temperature (135°C) and
long mixing time (5 min), DoB was 96%.
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2.2.1.1.4 Nanoindentation Technique

Nanoindentation is a technique that can be used for assessing the mechanical properties of a material at
nano/micro-scale. The indentation process consists of three phases: loading, holding, and the unloading
of a diamond tip on the material surface with a typical device configuration displayed in Figure 2.10.
Based on a measured tip displacement, material properties (elastic modulus, stiffness, hardness, etc.) can
be determined. It cannot be easily used for assessment of any of blending parameters, but it can help in
measuring binder film thickness, which is frequently correlated with DoB.

Mohajeri et al. (2014) performed a nanoindentation test on a stone-binder-stone interface to
determine DoAv and investigate the blending zone between the soft and hard binder. Figure 2.11 shows
the three zones recognized: two stone zones, and one binder zone consisting of a soft and hard binder.
The interface between two binders was not clearly identified, and it was impossible to measure DoAv,
although the binder film thickness between stones could be precisely measured.
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Figure 2.10 A typical nanoindenter setup (Tiwari, 2012)  Figure 2.11 Nanoindentation test results from a
Stone-binder-stone interface, adapted from Mobhajeri et

al. (2014)

Abd et al. (2018) used a nanoindentation technique to determine DoB, concluding that the effect of
the aggregate type on DoB can be neglected because the measured mechanical properties of RAP
aggregate were almost the same as properties of the virgin aggregate. This confirmed the results of the
binder testing in the same study — that there was no complete blending between RAPb and VB, except
when a lubricant was used.

2.2.1.2 Chemical Approach

The chemical approach is based on the use of chemical techniques to analyse the composition of a binder.
Binder for testing may be recovered from RAM, RAP, or mixtures obtained from a blending study, but
it may also be analysed, without extraction, directly from a mixture. Having in mind that the chemical
properties of bitumen change over the time under the influence of external factors (oxidation, water,
etc.), and that recycling agents may help in the recovering of chemical properties. This approach becomes
inevitable in the assessment of blending parameters. It includes two techniques: chromatography and
SpeCtroscopy.
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2.2.1.2.1. Chromatography
Gel Permeation Chromatography (GPC) is a type of Size Exclusion Chromatography (SEC) used to
separate molecules of a solution into various sizes. Typically, the relative molecular weight of polymer

samples and the distribution of molecular weights are 160 -

determined within this technique. Using this 10 . ——PG 6422 Virgin Binder

technique may also help to distinguish between RAPb s — — RAP Binder

from VB due to the higher amount of large molecules & 120 oo RAS Binder
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Zhao et al. (2015) used round-shaped gravel as a tracking material to isolate the binder blended during
the mixing phase of RAMs with different RAP content (10% to 80%). Results showed that DoB decreases
with increasing RAP content, going from almost 100% for 10% RAP to approximately 24% for 80%
RAP.

with the binder absolute viscosity and dynamic shear
modulus, showing its potential for use in DoAv/DoB

The same group of authors applied GPC on the binders recovered from coarse virgin aggregate and
fine RAP aggregate obtained after the blending study (S. Zhao et al., 2016). DoAv was not quantified,
but it was proven that the binder blend coating the virgin aggregate was more uniform than the binder
blend surrounding RAP aggregate due to the un-mobilized binder still attached to the RAP.

Bowers et al. (2014) were investigating the influence of mixing temperature and time and WMA
additives on DoAv by testing binders recovered from laboratory-prepared mixtures with 65% RAP after
a blending study. Results showed that mixing time of 5 min should ensure 100% of DoAv, although it is
not a realistic timeframe for mixing at a plant. Also, it was mentioned that increased mixing temperature
increases DoAv, from 59% at 130°C to 76% at 180°C, and that lubricants may have a positive impact on
it. Furthermore, the authors concluded that “black rock” phenomenon does not exist.

2.2.1.2.2 Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a measurement technique that can be used to obtain
an infrared absorption or emission spectrum of a solid, liquid, or gas. The FTIR spectrometer
simultaneously collects high-spectral-resolution data over a wide spectral range and determines functional
groups within a medium.

O30sec ©1min Bowers, Huang, et al. (2014) tried to estimate
DoAv by preparing an artificially aged binder by
ageing a VB through a Rolling Thin Film Oven Test
S (RTFOT), followed by double Pressure Ageing
O Vessel (PAV) ageing. Further, 9.5 mm gravel had
been mixed with VB and artificially aged binder for
2 min at 180°C, and a staged extraction procedure
was then applied (immersion time was 30 s or 1
min). FTIR was further used on extracted binder
blends to compare the ratio of the carbonyls (C=0)
and the saturated C-C vibration. The objective of
this method is to evaluate the degree of binder
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Figure 2.13 FTIR evaluation of carbonyl increase in

blend with artificial RAP, adapted from Bowers et al. Qxidadon becauge an increa.se in the carbonyl
(2014) indicates the oxidation (ageing) of the asphalt
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binder. Within the study, it was discovered that the carbonyl content is higher as the binder layer is closer
to the aggregate, leading to the conclusion that the binder blending was not completely uniform (Figure
2.13). Also, the higher percentage of carbonyl for the inner layer is a consequence of the aged binder
presence. These results confirmed the findings from the same study obtained by using GPC.

A similar procedure, called the “leaching blending test”, was performed by Delfosse et al. (2016). The
test is also based on a staged extraction procedure, where the Carboxyl index’ was determined through
an infrared spectrum analysis of the leachates. Test results showed that HMAs containing 20% and 35%
RAP, with PMB and straight-run asphalt binder, respectively, had high levels of DoB.

Ding etal. (2010) investigated three plant-produced RAMs with 50% RAP (one WMA and two HMA,
one with a rejuvenator and one without) to characterize DoB. The FTIR procedure was applied on the
binders recovered from different sizes of aggregate particles (passing No. 4 sieve (4.76 mm), passing 74
in. sieve (19 mm) and retained on No. 4 sieve (4.76 mm), and retained on % in. sieve. (19 mm)). This
study could not exactly assess the DoB of each mixture, but it was possible to compare them using the
so-called Ageing Index (Al). Al was defined as the ratio between the area of the carbonyl (C=0) band
and the area of the saturated C-C stretch band. Testing results showed that WMA had the highest DoB
and that a rejuvenator slightly improved the DoB of HMA.

Sreeram et al. (2018) used FTIR to assess both the DoAv and DoB of RAMs with 15%-50% RAP.
Borosilicate glass beads of different diameters were used to isolate the binder from RAP and RAMs for
further testing. Results showed that the DoAv was dependent on the mixing temperature and RAP
content: it was around 5%, 15%, and 20% at a mixing temperature of 135°C and around 10%, 20%, and
40% at a mixing temperature of 165°C in mixtures with 15%, 30%, and 50% RAP, respectively. The
measured DoB was more prone to the influence of temperature than to RAP content. It was varying
from 50% to 60% for the samples prepared at 165°C, and from 30% to 40% for the samples prepared at
135°C.

Energy-dispersive X-ray spectroscopy (EDXS, EDX, EDS or XEDS) is the technique that allows
obtaining information concerning the chemical composition of a sample (Sharma, 2012). Since the EDS
(Castorena et al., 2016; Jiang et al., 2018) and EDX (Cavalli et al., 2017) equipment have been used as
additional equipment to electron microscopes (visualization approach), their application within the field
of blending parameters assessment is analysed in the next section.

2.2.1.3 Visualization Approach

Visualization methods at different scales have been used to investigate the uniformity of asphalt mixtures
or to observe a certain place within a mixture rather than to quantify DoA, DoAv or DoB. These methods
do not usually measure the physical, mechanical, or chemical properties of a material, but they may be
used as auxiliary methods, mostly for describing DoB. However, some of the methods and equipment
used to investigate DoB are microscopy techniques (optical, electron, fluorescence, and atomic force
microscopy) and computed tomography (nano and micro-level). Figure 2.14 illustrates an overview of
the different scales that have been used in some of the previous studies.

SPECIMEN cT Micro-CT ESEM
150 X 120 mm 150 mm 50 mm 1mm
Figure 2.14 Overview of the different investigation scales, adapted from Rinaldini et al. (2014)

3 A ratio between the area under 2 reference peaks (Methyl and Ethyl function wavenumber 1460 cm™ and 1376 cm™),
and they are under the studying peak -CO.
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2.2.1.3.1 Microscopy

Scanning Electron Microcopy (SEM) can reveal g%
information about the texture, chemical composition
and crystalline structure of a sample, with magnification
from 20 to 30000 times. In the field of pavement g
research, it has been used to determine the binder film
thickness between aggregate particles Scanning Electron ¥
Microscopy (SEM) can reveal information about the ;
texture, chemical composition, and crystalline structure
of a sample, with magnification from 20 to 30000 times.
In the field of pavement research, it has been used to
determine the binder film thickness between aggregate
particles (Al-Qadi et al., 2009; Bressi, Dumont et al., = B - TR ) iy
2016) and to investigate if the VB and RAPb could be Lk N TR
homogenously identified (Al-Qadi et al., 2009). This Figure 2.15 The crack fo rmation between small

method is not typically suitable for quantifying DoB RAP aggregates ”’?d /m;gei virgin aggregate, adapted
because it provides results based on singular spots, but it Jrom Rinaldini et al. (2014)

may help in the observation of the binder blend homogeneity, and it may be used as an additional method
to verify DoB.

In one research study (Navaro et al., 2012), an attempt was made to evaluate the DoB process through
the homogeneity of the binder blend under different mixing temperatures and times. The image analysis
protocol was conducted on images taken under white light (WL) and ultraviolet light (UVL). The main
conclusion was that the homogeneity of RAM depends on the mixing temperature more than on the
mixing time without precise determination of the DoB level.

A combination of the rheological tests, computed tomography, and electron microscopy was found
to be promising for investigating DoB within asphalt mixtures (Rinaldini et al., 2014). This research shows
that blending of the VB and the RAPb is commonly heterogeneous and that this technique cannot clearly
quantify DoB, confirming the findings of Mohajeri et al. (Mohajeri et al., 2014), but it allows for the
detection of micro-cracks in the intra-binder surface (Figure 2.15).

Energy-dispersive X-ray spectroscopy was used to analyse DoB in the RAM with large clumps of
adhered RAP particles and in RAM with fractionated RAP (Castorena et al., 2016). Titanium dioxide was
used as a tracer to understand the occurrence of blending between RAPb and VB. It was discovered that
the mixture containing pre-processed RAP allowed lowering the formation of RAP clusters and,
consequently, higher DoB. The same conclusions have been reported by Bressi et al. (2015).

Furthermore, Jiang et al. (2018) have been the first who quantified the DoB in RAMs using SEM and
EDS. They proposed the element mass ratio of titanium over sulphur as a quantitative indicator of DoB
in compacted RAM. DoB was assessed to be around 100% in RAM with 15% RAP, regardless of the
ageing conditions. Additionally, it was concluded that DoB decreases with increasing RAP content and
increases with ageing: in RAM with 30% RAP, DoB ranged from 78% under normal conditions to 90%
after long-term ageing, whereas in RAM with 50% RAP, it ranged from 43% to 78%. In the same study,
it was also concluded that the use of RAs significantly improves DoB, leading to the almost complete
blending between RAPb and RA.

Fluorescence microscopy is a technique that uses the emission of fluorescence to study properties of
organic or inorganic substances. It was employed to estimate the DoB of two plant-produced HMA, with
and without a recycling agent, and one WMA with foaming technology, all containing 50% RAP (Ding
et al., 2018). The binder recovered from the RAP was further blended with a VB at various contents and
tested with fluorescence microscopy to develop blending charts using a newly developed mean grey value
(MGV*) parameter, which was implemented in the Equation 1.16. The DoB was measured on aggregates
obtained after blending study, whereas the overall The DoB of the asphalt mixture was estimated by

4 MGV presents the average fluorescence strength of a fluorescence image derived from image post-processing.
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combining MGV and the specific surface area of the RAM’s aggregates. HMA mixtures with and without
rejuvenator had a DoB of around 85%, whereas the WMA mixture had a DoB of around 92%, probably
due to the positive impact of foaming technology on the RAPb activation.

Atomic Force Microscopy (AFM) is a scanning probe technique that reveals the surface topography
and heterogeneity of materials with high spatial resolution. It can be used to characterize RAPb, VB, and
their blending zone. Nahar et al. (2013) observed the presence of the blending zone at the interface of
the two binders of different grades by using AFM images. It was stated that the DoB was 100% at the
interface of RAP and VB, but only in a transition area. Furthermore, the extent of the blending zone will
likely depend on parameters such as temperature, binder type, and contact time (Figure 2.16).

Xu et al. (2018) used AFM on the binder obtained after staged extraction of RAM with 50% RAP.
Results confirmed previous studies’ (Bowers, Huang, et al., 2014; B. Huang et al., 2005b) conclusions
that non-homogeneous blending occurs between RAPb and VB and that higher DoB was found in
outside layers than in the inner. Also, it was discovered that temperature and storage time have a crucial
impact on the DoB in RAMs.

d: Blending zone thickness
S Virgin aggregate Virgin bitumen
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Figure 2.16 Possibilities for the formation of a blended zome between the RAP and virgin aggregate, adapted from
Nabhar et al. (2013)

2.2.1.3.2 Computed Tomography

Computed tomography (CT) uses many X-ray measurements, taken from various angles, to produce
cross-sectional images of a scanned object or area without cutting the sample. There are several variations
of CTs. The Environmental Scanning FElectron Microscopy (ESEM) has been typically used for
microscale characterization, and X-ray Computed Tomography (XCT) has been used for macro scale
characterization. XCT inspects interior and exterior material structures, whereas microcomputed
tomography (micro-CT) enables the achievement of higher spatial resolution than XCT. These
techniques have not helped to quantify the DoB in previous studies, but they have been successfully used
to describe it.

Rinaldini et al. (2014) concluded that XCT allows observation of the virgin and RAP materials
grouped in homogenous, but distinct, clusters. XCT results confirmed the ESEM micrographs, obtained
in the same study, that concluded that DoB is locally dependent. Mohajeri et al. (2014) did not succeed
to differentiate binders in the RAM using nano-tomography scanning images but succeeded to determine
the film thickness.

a) RAPbh fi]m b)
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Figure 2.17 Influence of local curvature on (a) the RAPh thickness and (b) the RAPb reactivation, adapted from
Cavalli et al. (2017)
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Cavalli et al. (2016) used ESEM and XCT to investigate RAMs with 50% RAP, concluding that RAPb
thickness tends to decrease by increasing the mixing temperature, which is in agreement with the
assumption that the decrease of RAPb thickness is a consequence of the increased DoB level. It was also
observed that increased local curvature of the aggregates may influence the RAPD film thickness (Figure
2.17a) and the RAPD reactivation (Figure 2.17b). The results of this study, regarding mixing temperature
and micro geometrical inhomogeneity, were confirmed in the following research study (Cavalli et al.,
2017).

2.2.1.4 Mechanistic Approach

The mechanistic approach does not include any laboratory tests. Within this approach, research results
obtained from other approaches are combined to estimate the DoA, DoAv, or DoB. This approach
covers modelling and numerical simulation techniques. For example, an experimental procedure of the
coating study may be simulated using the Finite Element Method (FEM) to predict DoA.

2.2.1.4.1 Modelling Techniques
This approach uses different procedures to evaluate DoB by comparing the measured dynamic modulus
of asphalt mixtures (| E*|) with predicted one (Bonaquist approach (Bonaquist, 2005)).

This technique usually consists of the following steps: first, the dynamic modulus of asphalt mixture
| E*| is measured; afterwards, the binder is recovered from the same mixture and | G*| is measured in
DSR; the data are then further applied to the Hirsch or similar model, together with volumetric properties
of the mixture, to estimate the mixture’s | E*| value, which is later compared with the measured |E*|
value, where a high correlation of the data indicates a high DoB.

Mogawer et al. (2012) investigated HMA’s with 20-40% RAP, whereas Mogawer et al. (2013) used
mixtures with 40% RAP. In both cases, the Bonaquist approach was applied, showing that DoB may be
affected by the production parameter (discharge temperature) and improved if recycling agents are used.
Booshehrian et al. (2013) explained how to carry out this procedure, step-by-step, and tested mixtures
with 20-40% RAP. Results showed that both the reheating process and discharge temperature affect the
DoB, which was described as a good thing. Delfosse et al. (2010) tried to estimate the DoB of the HMA
mixtures with 20% and 35% RAP and WMA with 20%, 40%, 50%, and 70% RAP. The differences
between measured and estimated values of | E*| were —4.5% and —3% for HMA mixtures, respectively,
and —8.5%, 15%, —2.5% and —45% for WMA mixtures, respectively, suggesting that the estimation model
should be improved, especially when the DoA is poor.

The same conclusion was obtained by Al-Qadi et al. (2009), leading to the conclusion that the Hirsch
model may not be appropriate to back-calculate |E*| from HMA with RAP and that DoB could not be
accurately determined using this method. Ashtiani et al. (2018) reached a similar conclusion, but with an
estimation that DoB, which varied between 40% and 60% in RAM with 15% RAP.

The first attempt at using a micromechanical model to examine DoB was carried out by Gundla &
Underwood (2015). Temperature and frequency sweep tests were conducted on mastics containing 10—
100% RAP that passed through a sieve opening of 0.075 mm. DoB was herein quantified as the amount
of non-absorbed RAPb combined into a meso-homogeneous mass with the recycling agent. DoB was
estimated by the comparison of |G*| value, predicted by using micromechanical modelling and
measured | G*|. Predicted | G*| values were obtained by combining rheological results and the film shell
assumption. Results show that DoB decreases with increasing RAP content: 100%, 66%, 55%, and 31%
for the RAP content of 10%, 30%, 50%, and 100%, respectively.

2.2.1.4.2 Numerical Simulation Techniques
Discrete element method (DEM) presents a numerical technique for modelling of material performance
under different conditions by using a large number of independent particles.
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Zhang et al. (2015) conducted a coating study using different RAP contents (10%—-50%), virgin
aggregate temperatures (160-190°C) and RAP moisture contents (0-5%) to investigate their impact on
DoA. Further, the particles movement and the applied forces (contact and the force of gravity) were
simulated using the three-dimensional DEM (Figure 2.18). Simulations results confirmed the laboratory
results: DoA was dependent on RAP content, mixing temperature, and time and moisture content. With
an increase of RAP content and RAP
moisture content, DoA decreases, whereas
it increases as the virgin aggregate
temperature increases. Regarding DoA,
DEM results showed higher values (0.41%,
1.07% and 0.30% RAPb) when compared
with laboratory results (0.16%, 0.21%, and
0.16% of RAPb) in mixtures with 10%,
30%, and 50% RAP, respectively, probably
due to the limitations of the method
Figure 2.18 Comparison of mixing performance between laboratory ~ (single-sized RAP  particles were used

test results (left) and simnlation results (right), adapted from Zhang — during modelling). It was also concluded

et al. (2015) that the mixtures with higher RAP content,
higher moisture, and lower virgin aggregate temperature need a longer mixing time or higher virgin
aggregate temperature to increase DoA. Overall, DEM has shown the potential for evaluating the
qualitative effects of the RAP content and virgin aggregate temperature on DoA.

2.2.2 Summary of DoA, DoAv, and DoB determination approaches — Critical Discussion

Despite the research efforts dedicated to investigating the performance of aged binder in RAMs, there
are no common and standardized procedures for quantifying the blending parameters. Due to this fact,
a summary of the different methods used for these purposes is prepared, as presented in Table 2.5. The
table shows the review of research studies that contributed to quantifying these parameters, whereas
research studies where these phenomena were only described are not shown. Testing methods, levels of
testing (index t), preparation (index p), or both (index p,t), RAP content, and whether recycling agents
(excluding neat asphalt binder) were used or not, are shown as well. Furthermore, Table 2.5 shows the
terms that were originally used in the cited papers and the terms according to the newly proposed
definitions from the theoretical framework proposed by Lo Presti et al. (D. Lo Presti et al., 2019). Finally,
the estimated values of the parameters are also given.

From Table 2.5, it can be seen that DoA was most often quantified by using mechanical blending
methods, while DoAv was quantified mostly by using both mechanical blending and binder testing
methods. DoB has not been frequently quantified in previous studies, but asphalt mixture testing and
microscopy testing methods are probably the most promising.

Table 2.6 was tailored for summarizing the main advantages and disadvantages of the procedures
described in this section. The same table also recommends which techniques and methods can be used
for determining the individual values of each parameter.
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Table 2.5 Overview of the methodologies for the assessment of DoA, DoAv and DoB
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Table 2.6 Advantages and disadvantages of testing method summarized by recommended approaches

Approach meth(;ie/stti:rclinique Advantages Disadvantages
e Testing equipment is presentin  ® It does not simulate realistic
almost every pavement situation from an asphalt plant,
laboratory. as well as the use of an artificial
o Tests are usually easy to aggregate (steel balls, round-
perform and do not require a lot shaped gravel, etc.).
of time and resources. e Cannot be performed on
Mechanical blending e Results are easy and quick to RAM obtained from an asphalt
analyze. plant.
e Due to simplicity, it is easy to ~ ® Influence of a recycling agent
repeat tests under different on DoA/DoAv cannot be
conditions (mixing time, casily determined without
temperature, RA content, etc.). further tests, which typically
require bitumen extraction.
Recommendation: e DoA:V e DoAv:V e DoB: x
¢ Testing equipment is present in @ Preparation of testing
almost every pavement samples is time-consuming if
laboratory. staged extraction procedure is
e Tests are usually easy to applied.
perform and do not require a lot @ There is no standardized
of time and resources. procedure for staged
e High potential in analysing of ~ extraction.
bitumen levels surrounding RAP e Bitumen should be recovered
Mechanical Binder testing particle.s,.which may help in from the s.olver}t, whereas it
approach determining DoAv. may negatively impact the

chemical properties of
bitumen.

e Forced blending between the
RAPD and VB during the
extraction procedure might not
always reflect what is
happening during the mixing
phase within a mixture.

Recommendation:

DoA: x

DoAv: v/

DoB: v

Asphalt mixture

e Testing equipment is present in
almost every pavement
laboratory.

e Tests are usually daily routine
in laboratories and do not
require many resources to
perform.

¢ There is not yet a proposed
property of RAM that will
assess DoB.

e If asphalt samples are
obtained from a plant, it is
difficult to vary processing
conditions (mixing

testing e Highest potential in temperature, mixing time, etc.).
determining DoB because testing
samples may be obtained by
coring from the field or by
compacting RAM obtained from
a plant.
Recommendation: DoA: x DoAv: x DoB: v
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Approach meth(;ie/stti:rclinique Advantages Disadvantages
e Testing equipment is not
o The bitumen film thickness, 1robutinely vavailable in pavement
frequently correlated with DoB, a orat(?nes. . .
can be precisely measured. * Not directly linked with any
other parameter.
Nanoindentation e Testing results are not simple
to analyse.
¢ Civil engineers have a lack of
experience in this field of
research.
Recommendation: DoA: x DoAv: % DoB: v
o Testing time is relatively short e A key mixture’s parameters
(up to 30 min) and does not are usually related to
require a huge amount of microstructure; so, these
material. types of tests are not yet
e Chemical characteristics of typical for the pavement
Chromatography RAPbD can be determined and industry.
help to evaluate the DoAv or e The analysis of testing results
DoB. may be complicated and
e The presence of recycling time-consuming.
agent, polymer or solvent in e Tests are typically performed
Chemical approach binder blend can be detected. on binglers obtained after t.he
e The impact of a recycling agent ~ €xtraction procedure, causing
on the chemical properties of the same problem as with
bitumen can be determined. mechanical methods — forced
blending and the negative
Spectroscopy influence of solvent.

e The parameters used to
evaluate DoAv and DoB are
not yet widely established.

Recommendation: DoA: x DoAv: v DoB: v
e Non-destructive methods. ® The use of tracers is not
o There is a possibility to reasonable during the
combine a couple of methods production of RAM at an
(e.g. with EDS) to determine asphalt plant.
DoB. ¢ Equipment is expensive and
® The use of tracer materials not widespread in pavement
allows the determination of the  laboratories.
Visualization Microscopy distribution of RAPb ° Handl.ing is Co@plex, and. the
approach thrpughout RAMS, thus a.nalysm of testing results is
verifying the existence of the time-consuming.
blending phenomenon and ® Requires additional
overall, at least describing knowledge from image
DoB. analysis.
® The interface between RAPb
and VB can be observed and
cracks detected.
Recommendation: DoA: x DoAv: x DoB: v/
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Approach meth(;ie/stti:rclinique Advantages Disadvantages
¢ The analysis of samples is ¢ Equipment is expensive, not
possible without their widespread in pavement
destruction. laboratories.
® The existence of the blending e Handling is complex, and
Computed h datl h lvsis of testine |
phenomenon and at least the analysis of testing results
tomography describing DoB are possible. is time-consuming,
Recommendation: DoA: x DoAv: x DoB: v/
® The testing methods required o They ate typically a
for the determination of | G* | combination of different
and |E*| are usually carried testing methods; so, it may be
out routinely in laboratories, time-consuming.
on laboratory prepared or field e A wider knowledge of
cored specimens. researchers/technicians for
® Back-calculation can be testing and interpretation of
conducted very quickly. the results is required.
® Obtained results strongly ¢ Due to the inhomogeneity
depend on the properties of of the RAP, most of these
Modelling techniques  material’s components and methods are not reliable
testing conditions, which may  enough. For example, Bailey’s
be simulated using modelling method should be adjusted
techniques. when RAP is used due to the
o These techniques may able to presence of irregular grains.
quantify DoB, although it has ~ Furthermore, due to the
Mechanistic been typically used for the different behaviour of RAPD,
approach description of DoB. the Hirsch model might not
provide an appropriate
estimation of the mixture
dynamic modulus.
Recommendation: DoA: % DoAv: x DoB: v

Numerical simulation
techniques

e High potential to be used in
assessment of blending
patameters.

e Processing conditions can be
easily changed in simulations.

¢ There are many parameters
which should be considered
during simulation (contact
forces between particles,
behavior of binder blend,
etc.).

e Laboratory tests may be
required in order to obtain
input parameters.

¢ High variability of RAP may
cause problems with models.

Recommendation:

DoA: vV

DoAv: v

DoB: v

2.3 Conclusions and Recommendations

Blending RAPD with a recycling agent is still a partially known phenomenon. The results of this section
indicate that although key concepts are clear, in the scientific community, the blending phenomena is not
yet totally clear. The lack of clear definitions of mechanisms and quantities creates confusion and
ovetlapping, ultimately playing against the paramount shift towards RAMs. The study proposes a critical
literature review of the factors influencing the blending phenomena, Degree of Blending (DoB) and
Degree of Availability (DoAv), and, consequently, introduces the definition of the Degree of Binder
Activity (DoA) as an intrinsic property of the RAP. Definitions and formulations of DoA and DoAv are
reported, whereas the DoB was recognised to be still too complex to provide a specific formulation.
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Hence, a review of recent formulations of DoB and its relation with DoA and DoAv is provided. As a
result of this process, the asphalt technologist should now have a comprehensive theoretical explanation
of the blending phenomena, a practical framework, and a nomenclature that, if validated, could improve
mix design procedures for RAM, as well as the classification of RAP.

Common guidelines and protocols for determining so-called blending parameters (DoA, DoAv, and
DoB) would contribute to support performance-based design practices and eliminate problems with the
use of too much or too little of a recycling agent in RAMs, thus allowing a confident increase of reclaimed
asphalt content. However, there is still a challenge to develop methodologies that will help in determining
these parameters.

Within this process, it is first necessary to work on characterizing RAP, and second, to work on
adapting methodology of mix design procedure that would allow for this new family of material to be
considered as any other material in asphalt mixture production. This section aimed to review and identify
the best methodologies for measuring these parameters, which may be vital for the improvement of the
current practices.

General conclusions regarding methodologies for determining the DoA, DoAv and DoB are as
follows:

e There are no overall accepted procedures for determining any of these parameters;
thus, new standard test method(s) should be developed, or one of the existing
methods should be adopted to make them measurable for mix design purposes.

e Measured values of these parameters varied substantially in previous studies due to
various RAP sources, different testing and processing conditions, and vatious
methodologies used.

e Some of the previous research studies, which quantified these parameters, should be
repeated with other materials to validate these methods.

e Correlation between testing methods should be established since it is not always
possible to conduct all the methods proposed.

During the development of new methodologies, it is essential to consider influencing parameters,
such as mixing time, temperature, and the presence of recycling agents because they are not unequivocally
defined; so, the correlations between them should be established. Furthermore, since most of the research
studies conducted so far have been conducted at a laboratory level, future works should consider linking
the laboratory mix design with field trials.
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Chapter 3. Research Methodology

The research conducted within this study consists of four parts:

1) Characterization of the componential materials

2) Determination of the optimal preheating temperature of RAP

3) Development of the mix design methodology of HMA with high RAP content

4) Performances of asphalt mixtures

3.1 Characterization of the Componential Materials

In this study, the following componential materials were used:

filler

virgin aggregate

virgin bitumen (VB)

recycling agents (RA)

reclaimed asphalt pavement (RAP)

All componential materials were sampled from a single source to avoid the introduction of additional
variables within tests. In the first part of the study, componential materials were primarily characterized
using standardized testing procedures. The experimental plan for this part of the research is given in

Figure 3.1.

In this study, limestone filler, “Rujevac” — Ljig, was used, and its basic properties were evaluated:

patrticle size distribution
particle density
Rigden voids

assessment of fines (methylene-blue test)

Limestone aggregate from the quarty, “Podbukovi”, consisted of the four fractions (0/4 mm, 4/8
mm, 8/16 mm, and 16/22 mm) and was used as a virgin ageregate in the study. Next, the properties of
each fraction were determined as follows:

0/4 mm: sand equivalent, particle density, water absorption, and particle size
distribution

4/8 mm: particle density, water absorption, and particle size distribution
8/16 mm: particle density, particle size distribution, and resistance to fragmentation

16/22 mm: particle density and patticle size distribution
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Figure 3.1 Experimental plan of the componential materials testing
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Plain paving bitumen (type 50/70) from the Pancevo Oil Refinery was used as the virgin bitumen in
this study. The following basic properties of the virgin bitumen were evaluated:

® penetration

e softening point

e penetration index

e T'raass breaking point
e specific gravity

e rotational viscosity

The RAP was collected from a stockpile near Belgrade. After collection, it was sieved into two
fractions (0/11 mm and 11/22 mm), and the grading curves of both fractions were determined before
their extraction (black curve). After their extraction, the bitumen content of each fraction was determined,
as well as its grading curves (white curves). The RAPb was then characterized by determining the
following properties:

® penetration

e softening point

e penetration index
e rotational viscosity

® Jusz2and %R values (after MSCR test)

Three types of recycling agents were initially selected to be used in this study. Two of them were
industrial products, whereas the third is of an alternative origin (waste cooking oil). Their properties were
not determined in this study, but their durability in binder blends with 50% RAPbD is assessed. The
penetration, softening point, complex shear modulus, and phase angle of each blend were measured in
its original state, after short-term ageing, long-term ageing (20 h in PAV), and prolonged ageing (60 h in
PAV). Finally, a recycling agent contained in a binder blend, which has shown the best properties after
prolonged ageing time, was selected for use in the rest of the study.

3.2 Optimal Preheating Temperature of RAP

A methodology for the determination of the optimal preheating temperature of RAP, with and without
RA, is proposed in the second part of the research (Section 5.2). Additionally, the degree of binder
activation of RAP is also estimated. The experimental plan of the section is given in Figure 3.2.

For this part of the investigation, three types of RAMs were prepared:

e An only-RAP mixture composed of 100% RAP, previously preheated at temperatures
between 70 and 190°C.

e A RAP+RA mixture composed of 100% RAP and RA (10% respecting the RAPb
content), previously preheated at temperatures between 70 and 170°C.

e A reference RAP composed of extracted RAP aggregate and bitumen in the same
ratio as in previous mixtures, in that way simulating full binder activation.

All RAMs in this part, as well as in the rest of the study, had grading curves as close as possible to
the control mixture. Asphalt concrete used for base course layers, with a nominal grain size of 22 mm
and neat virgin bitumen (AC22 BASE 50/70), was selected as control mixtute in this study because base
course layers have the highest potential for using higch RAP content.
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Four specimens of each mixture were compacted in Marshall and gyratory compactors with 2x50
blows and 30 gyrations, respectively, after preheating at different temperatures. The following properties
of these specimens were further evaluated:

e air void content
e stiffness
e JTS

e cracking tolerance index (CTindex)

The obtained testing results were initially used to estimate the DoA by comparing the properties of
the only-RAP mixture with the properties of the reference RAP mixture.

In the last stage of this part, the probabilistic optimization method was applied to calculate the
optimal preheating temperature of RAP, depending on the RA presence, integrating the uncertainties in
determining the different properties through Monte Carlo (MC) simulation.

] [ Reference RAP (full }

[ RAP+RA ][ RAP RAPD activation)

Prebeating I

temperature Y
i ‘b ¢ i i ¥

I~
-
I N es)
)
@)
—
—_
o
— O
O
@)
§
—_
o
(@]
O
@]
—
f—
-
L] O
O
@)
—
f—
O
o
-1 O
@)
/
|
—]
—
-
w1
)
@]
—

o T o—— i DoA
L estimation )
| — | — Lol

EN 12697-5/6/8 : EN 12697-26:2018 EN 12697-23:2017 : ASTM D8225
. 1 .
Volume?rlc | Stiffness @25°C ITS @25°C :“:> Cr?ckmg Tolerance
propetrties | : index (CTjyge,)
/ Probabilistic optimization method \

C Optimal preheating temperature of RAP)

Figure 3.2 Determination of the optimal preheating temperature of RAP — experimental plan

3.3 Mix Design Methodology of Hot Mix Asphalt with High RAP Content

Mix design methodology of RAM with 50% RAP, which aims to determine optimal contents of VB and
RA, is developed in the third part of the research (Section 5.2). The experimental plan of the mix design
development is displayed in Figure 3.3.

Seven asphalt mixtures with 50% RAP, preheated at a temperature determined in the previous patt,
and different amounts of VB and RA were prepared according to Doehlert experimental design. Four
specimens of each mixture were compacted using a Marshall compactor, and the same properties were
evaluated as in the previous section.

Testing results were further used to validate multiple variable models using Response Surface
Methodology. Different steps of statistics of the regression (Analysis of Variance, Goodness of Fit, and
Lack of Fit) were computed on the developed models, together with preparation of two additional
mixtures, to validate the developed models. Finally, the optimal contents of the RA and VB of the asphalt
mixture with 50% RAP were determined.
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Figure 3.3 Experimental plan of the mix design methodology development

3.4 Performance of Asphalt Mixtures

To assess if the developed RAM with 50% RAP is propetly designed, its performances were evaluated
and compared with the same performances of the control mixture and the RAM with 15% RAP
according to the experimental plan displayed in Figure 3.4. The following performances of each mixture
were evaluated:

e volumetric properties

e water sensitivity

e freeze-thaw resistance

e resistance to permanent deformation (rutting resistance)

e fatigue resistance

e cracking tolerance index (CTindex)

The water sensitivity of the asphalt mixtures was determined according to EN 12697-12:2018,
Method A.

In this study, freeze-thaw resistance was assessed by using the repeated Lottman test (AASHTO
T283), which measures the effect of moisture and freezing on the ITS of the asphalt mixture and has a
more aggressive impact on asphalt specimens compared to the European standard for water sensitivity
(EN 12697-12).

The stiffness of the asphalt mixtures was measured according to EN 12697-26, Annex C, by applying
the indirect tensile test on cylindrical specimens (IT-CY).
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Figure 3.4 Determining the properties of asphalt mixctures — experimental plan
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Chapter 4. Materials, Specimen Preparation and Testing Methods

4.1 Materials

4.1.1 Filler

Limestone filler was used for the production of asphalt mixtures. The particle size distribution and
physical properties of the filler are given in Table 4.1 and Table 4.2.

Table 4.1 Particle size distribution of the filler

Sieve size [mm] Standard Percentage passing [%0]
0.063 83.9
0.09 89.3
0.25 EN 933-1:2013 993
0.71 100

Table 4.2 Physical properties of the filler

Property Unit Standard Testing results
Particle density Mg/ m®> EN 1097-7:2008 2.705
Void content of dry compacted filler (Rigden voids) % EN 1097-4:2008 31.3
Methylene-blue value g/kg EN 933- 0.45

9:2009+A1:2013

4.1.2 Virgin Aggregate

The virgin aggregate (of limestone origin) used in this study was extracted from the Podbukovi quarry
near Valjevo (Figutre 4.1), and it consists of four fractions: 0/4 mm, 4/8 mm, 8/16 mm and 16/22 mm.

__Z'Belgmc
(630 A S
~Valjevo

Figure 4.1 Podbukovi quarry’

5 https://sketchfab.com/3d-models/kamenolom-podbukovi-d513b5ae1b704b4ab8f5¢7a25bbe5f03, accessed on the 7t July, 2019.
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The particle size distribution and physical and mechanical properties of all fractions were determined
for this study, and the results are shown in Table 4.3, whereas the grading curves are displayed in Figure
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Figure 4.2 Grading curves of virgin aggregate fractions

Table 4.3 Properties of the virgin aggregate fractions
Fraction [mm|]

8/16 16/22

Property Unit Standard 0/4 4/8
Percentage passing [%0]
Sieve size
0.063 3.1 0.1 0.0 0.1
0.09 4.7 0.2 0.2 0.4
0.25 10.4 0.9 0.6 0.7
0.71 28.1 1.0 0.6 0.8
. . 2.0 64.6 1.5 0.6 0.8
giificgition 7€ 40 mm EN 933-1:2013* 958 7.2 0.6 0.8
8.0 100 99.2 16.0 0.8
11.2 100 65.7 1.1
16.0 98.5 28.9
22.4 100 95.1
31.5 100
Oven-dry particle density (0,) Mg/m’ 2,720  2.718 2.710 2.710
EN 1097-6:2007/A1:2009
Water absorption (WAz4) % 0.3 0.5 - -
ﬁfggggigagmemmon %  EN1097-2:2013/Point5 - - 23.8 .
Sand equivalent (SE) Y% EN 933-8:2016 68.8 - - -
*Standard proposes wet sieving, but in this case dyy sieving was performed.

4.1.3 Virgin Bitumen
Plain paving bitumen (penetration grade 50/70), from the Pancevo Oil Refinery, was used as the virgin

bitumen in this study. The basic properties of the virgin bitumen are shown in Table 4.4, including
rotational viscosity, which was measured, according to EN 13302:2018, at elevated temperatures (from
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135°C to 175°C, with increments of 10°C) and a single frequency of 0.59 Hz. The rotational viscometer
and testing results are displayed in Figure 4.3 and Figure 4.4, respectively.

Table 4.4 Properties of the virgin bitumen

Properties Unit Standard Testing results
Penetration 0.1 mm EN 1426:2017 60.0
Softening point °C EN 1427:2017 48.0
Penetration index - EN 12591:2013, Annex A -1.293
Fraass breaking point °C EN 12593:2017 -13
Specific gravity Mg/m’ EN 15326:2013 1.023
] 05
0.452 =135 °C
I @04 m 145 °C
-9 o
: 0.314 1557C
03 165 °C
S 0.236 m175°C
> 0.188
Spindle — E 0.2 0.158
Temperature- 'g
controlled Sample é 0.1
chamber —¢
0.0
Figure 4.4 Rotational viscosity of the virgin bitumen at

Figure 4.3 Rotational viscometer
elevated temperatures

4.1.4 Reclaimed Asphalt Pavement

Reclaimed asphalt pavement was obtained primarily by the milling of the existing surface and binder
courses of the E-75 motorway through Belgrade. It was collected at the asphalt plant in Bubanj Potok
near Belgrade. Because of high variability of the RAP in landfills (Figure 4.5, lower row), where it was
stockpiled without separation, it had been sampled at several locations and then separated into two
fractions, 0/11 mm and 11/22 mm, to achieve higher quality control and reduce the variability in the
RAP composition, as recommended by Don Brock & Richmond (2006). The following properties of
both fractions were determined:

*bitumen content

eparticle size distribution of the RA before extraction (Black curve)
eparticle size distribution of the RA after extraction (White curve)
*RAP bitumen properties

The particle size distribution of each RAP fraction before the extraction procedure (“black curve”)
was determined according to EN 933-1:2013 (Appendix I and Figure 4.6 — Red and black curves). The
aged bitumen was then extracted from both fractions according to EN 12697-1:2013, and the bitumen
content of each fraction was determined (5.75% and 4.59% of bitumen in 0/11 mm and 11/22 mm
fractions, respectively). The grading curve of the RAP aggregate after the bitumen extraction (“white
curve”) was determined according to EN 933-1:2013 (Appendix I and Figure 4.6 — Blue and green
curves). Four repetitions were done of each test, and the average values and standard deviations are given
in Appendix I. Figure 4.6 displays the average black-and-white grading curves of each fraction, including
the minimum and maximum passing percentages obtained, from which it can be seen that both fractions
have little variability.
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Figure 4.5 RAP landfill near Belgrade (Bubanj Potok)
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Figure 4.6 The black and white grading curves of RAP fractions

After extraction, the bitumen was recovered from the solution of solvent (trichloroethylene) and
RAPb according to EN 12697-4:2016. The basic properties of the RAP binder (penetration and softening
point) were determined, and the penetration index was calculated (Table 4.5).

Table 4.5 RAPb properties
Properties Unit Standard Testing results
Penetration 0.1 mm EN 1426:2017 22.2
Softening point °C EN 1427:2017 73.2
Penetration index - EN 12591:2013, Annex A 1.47
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Furthermore, rotational viscosity was measured according to EN 13302:2018, at elevated
temperatures (from 135 °C to 175 °C, with increments of 10 °C) and at single frequency of 0.59 Hz.
Testing results are displayed in Figure 4.7.

2.000
1.732 m]35°C

1.750
| 145°C
1.500 | = 155 °C
1.250 165°C
0.978 m175°C

= o
L B |
= W
= o

Rotational viscosity [Pa.s]
=
(="
=]

2 0.607
: 0.407
0.296
0.000

Figure 4.7 Rotational viscosity of RAPb at elevated
temperatiures

Because of a lack of data on the origin of RAPb, a Multiple Stress Creep Recovery (MSCR) test was
performed, according to AASHTO D7405-15, to estimate the RAPD type. Tests were carried out at 64°C
on the extracted RAPD and two additional bitumens (PMB 45/80-65 and BIT 50/70), both aged for 20h
in a pressure ageing vessel (PAV). Testing results (Figure 4.8) showed that the RAPb (red line) and PMB
45/80-65 (green line) have the same sawtooth-shaped creep-recovery curve, contrary to that of the BIT
50/70 (blue line), which has a stair shape. Additionally, the recovery component (%R) and non-
recoverable part of the cycles tested at a stress level of 3.2 kPa were calculated according to AASHTO
D7405-15 (Table 4.6). Considering the requirements of AASHTO R 92, it can be concluded that tested
RAPD has a %R value slightly below the limit for moditied bitumen (55%) for the appropriate Ju32 value.
Hence, considering the age of the bitumen (more than 25 years old) and the sawtooth shape of the creep-
recovery curve, it can be concluded that the RAPb was probably slightly modified.

6.0

——RAPb
5.0 | ==BIT50/70 (PAV20)
——PmB 45/80-65 (PAV20)
4.0
-
g 3.0
5
2.0
0
0.0
0|0 20 30 40 50 60 70 80 90 100110120130 140150160 170180190200
Time [s]
0.20 0.03
0.15
02
oe% °
£ 010 g
7 001
0.05
82333
0.00 0.00
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Figure 4.8 MSCR testing results
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Table 4.6 ]2 and %K values of investigated binders

Minimum %R for measured Jn:32

Bitumen Joeso [KPa’!] %R values according to AASHTO R 92
Jnr,?).Z [kPaJ] 0/O]R
RAPD 0.03 51.4
=0.10 =55%
PmB 45/80-65 (PAV20) 0.004 96.7
BIT 50/70 (PAV20) 0.16 23.0 =0.25 =50%

4.1.5 Recycling Agents

When high RAP content is used in RAM, it is desirable to use a rejuvenator to restore the properties of
RAPD. Since soft binders are not usually used in Serbia, and rejuvenating additives are more frequently
used in the practice, additives were used in this study. As the VB and rejuvenating additives used in this
study belong to the group of rejuvenators, the term “recycling agent” is used in the dissertation to avoid
possible confusion.

Three types of recycling agents, denoted as R0, R1, and R2, were initially selected. RO and R1 are
factory products declared as rejuvenators, whereas R2 is a waste cooking oil (Figure 4.9).

To determine the most effective recycling agent, an additional amount of bitumen was recovered
from the RAP collected from the top of the same stockpile, which was more exposed to ultraviolet
radiation and oxidation, resulting in lower penetration and higher softening points than the
abovementioned RAPb (Table 4.7). RAPb was blended with 50% VB and treated with a certain amount
of each recycling agent to obtain the same penetration value as virgin bitumen (60x0.1 mm). After the
binder blends were prepared, the RTFOT was conditioned for a short time, and the PAV, for long (20-
hour) and prolonged (60-hour) ageing times, as extreme cases.

All binder blends were tested in their original state and after each ageing level. Penetration was
measured at 25°C, as the measure of consistency at ambient temperature, and the softening point
temperature, as the measure of consistency at high service temperature (Figure 4.10). Rheological
properties, which are more fundamental, were measured using a Dynamic Shear Rheometer (DSR)
according to EN 14770:2012. The tests were run at temperatures ranging from -30°C to +120°C at a
single frequency of 10 rad/s and on a section of 10 mm and gap of 2.5 mm (Figute 4.11). This protocol
enables the provision of a rheological profile of the material at a wide range of service temperatures
without requiring shifting model (Porot, 2019).

Table 4.7 Properties of RAPD used for selection of recycling agent

Properties Unit Standard Testing results
Penetration 0.1 mm EN 1426:2017 11.6
Softening point °C EN 1427:2017 92.9
Penetration - EN 12591:2013, Annex A 2.745
index

Table 4.8 Penetration and softening point of binder blends at different ageing levels

Binder (blend)

Ageing RAPb Virgin 50RAPb RO R1 R2

level Pen. Soft. Pen. Soft. Pen. Soft. p.  Pen. Soft. Pen. Soft. Pen. Soft.
[dmm]  p.C] [dmm] p.[°C] [dmm] [°C]  [dmm] p.[°C] [dmm] p.[’C] [dmm] p.[°C]
Original 11.6 929 549 50.1 269 687 583 546 573 559 594 555

RTFOT - - 345 o614 168 80.1 328 712 277 740 347 0698
PAV20 - - 221 674 101 914 218 817 11.0 949 232 823
PAVG60 - - 132 792 45 1008 88 975 47 1079 146 93.0
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Figure 4.11 Complex: shear modulus evalnation of binder blends at different ageing levels

From Figure 4.10 and Figure 4.11, it can be seen that all binder blends have similar properties in their
original state and after short-term ageing. However, after exposing them to long-term ageing (20 hours
in PAV), the blend with recycling agent R1 had a penetration and softening point and rheological
propetties significantly less favourable than virgin bitumen, which eliminated it from further use in this
study. These properties of binder blend with agent R1 were similar to the properties of the other two
blends but after prolonged ageing. The binder blend with R2 showed the best properties after 60 h of
ageing, but because RO is an industrial product (better production control), it was decided to use the
recycling agent RO in the remaining part of the study. A by-product of the paper industry, RO is a yellow,
thermally stable, bio-based additive derived from crude tall oil with a flash point higher than 280°C and
viscosity of around 100 mm?/s at 20°C.
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4.1.6 Mix Design of Asphalt Mixtures
4.1.6.1 Control Mixture

The AC22 BASE BIT50/70 was selected for investigation in this study due to its highest potential for
using RAP. The control mixture, composed of all virgin materials, was designed according to job mix
formula (JMF) prepared by the IMS® Institute. The composition of the aggregate mixture was determined
respecting the Technical specifications’ for AC 22 BASE gradation. Five groups of specimens, with
different bitumen content (from 3.0% to 4.6%), were prepared according to the Marshall method to
determine the optimal bitumen content, which was 3.8% (Appendix II). The designed mixture
composition, denoted as initial, is shown in Table 4.10, whereas the grading curve of the aggregate is
displayed in Figure 4.12 with a red line.

It was decided to determine the resistance to permanent deformation of the designed control mixture
to check if it satisfies the criterion from the Technical specifications (Proportional Rut Depth (PRD)
<7% (Technical requirements for the construction of roads, 2012). The testing procedure was performed
according to EN 12697-22, Procedure B: Small device (See Section 4.3.7), showing that the initial control
mixture did not satisfy Technical specifications (PRD=7.5%, Appendix II). Hence, both the grading
curve of the mineral aggregate and bitumen content were slightly corrected, and the test was repeated.
The composition of the corrected control mixture is given in Table 4.10, and the grading curve of the
aggregate is given in Figure 4.12 with a green line.

The repeated rutting resistance test showed that the corrected JMF satisfies requirements — the PRD

was 5.5%; so, the corrected control mixture was adopted for further tests within this study.

Table 4.9 Technical specifications for the AC 22 BASE grading curve and particle size distribution of the initial and

corvected control mixtures

Sieve size [mm] 0.09 0.25 0.71 2.0 4.0 8.0 11.2 16.0 22.4 31.5

Min 5 8 13 24 34 50 61 75 97 100.0
Max 11 17 27 40 53 70 81 94 100 100.0
Optimal 8.0 12.5 20.0 32.0 43.5 60.0 71.0 84.5 98.5  100.0
Initial 8.2 10.8 15.7 27.5 38.4 60.1 70.2 85.4 99.5  100.0

Corrected 9.0 12.3 18.5 31.5 44.5 60.6 71.7 84.7 99.0  100.0

Table 4.10 The composition of the control mixture

Initial control mixture [%0] Corrected control mixture [%0]
Component Mineral Mixture Mineral Mixture
composition composition  composition  composition
Filler from Rujevac, Ljig 4.0 3.9 4.0 3.9
Vitgin agaregates 0/4 mm 35.0 33.7 41.0 39.5
from Podbukovi 4/8 mm 18.0 17.3 12.0 11.6
Valievo > 8/16 mm 23.0 221 22.0 21.2
16/22 mm 20.0 19.2 21.0 20.2
Bitumen BIT 50/70, NIS - 3.8 - 3.6
Total: 100.0 100.0 100.0 100.0

¢ Testing report No. A-111/16
7 SRPS U.E9.021:1986
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Figure 4.12 Grading curves of the control mixture before and after correction

4.1.6.2 RAM Mixtures

Three types of recycled asphalt mixtures with different RAP content were prepared, all having as similar
grading curves to the control mixture (AC22 BASE 50/70) as possible: with 15% RAP (RAP15), 50%
RAP (RAP50), and 100% RAP (RAP100). The RAP15 mixture was prepared without a recycling agent
and any correction of bitumen content, assuming full blending between the RAPb and virgin bitumen
(AASTHO M323-12, 2012). The RAP50 mixture always had the same amount of RAP, whereas the
recycling agent, VB, and virgin aggregate contents had varied depending on the testing’s aim (Section
5.2). Additionally, two RAP100 mixtures were prepared (with 10% RA, respecting the total mass of
RAPbD, and without it) to determine the optimal preheating temperature of RAP (Section 5.1). When
designing each RAM, a grading curve as similar as possible to the control mixture’s (Figure 4.13) was the
objective. The white curves of RAP fractions (Appendix I) were considered for the mix design purposes;

so, the composition of each RAM is given in Table 4.11.
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Figure 4.13 The grading curves of RAMSs
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Table 4.11 Componential materials of RAMs

Mixture
Component [%0]
RAP15 RAP50 RAP100
Filler 1.7 0.5 -
g 0/4 mm 31.4 16.6 -
50’5 4/8 mm 14.9 13.9 -
> £ 8/16mm 15.2 1.4 -
16/22 mm 19.3 16.0 -
§ RAPDL* 0.7 2.3 4.6
g
i:% Virgin 2.9 Various (Section 5.2 h
- and Chapter 6.)
Recycling agent - 10% of total RAPb content
a0 /11 mm 2 4 8
11/22 mm 13 46 92
Total 15 50 100

* Amount of bitnmen coming from RAP

4.2 Specimen Preparation

In this study, fourteen sets of asphalt mixtures were prepared:

1) Two RAP100 mixtures, with and without a recycling agent, to determine the optimal
preheating temperature of RAP and estimate its DoA (Section 5.1)

2) Nine RAP50 mixtures with different contents of VB and rejuvenator for mix design purposes
(Section 5.2)

3) Three mixtures (CM, RAP15 and RAP50), designed according to the proposed mix design
method, whose properties were compared among themselves (Chapter 6.)

Virgin aggregate fractions were preheated at 170-200°C, depending on the required mixing and
compaction temperature (as determined in Section 5.2), for four hours before mixing. The RAP was not
preheated for the preparation of RAP15 mixture, whereas it was preheated for four hours, at
temperatures from 70°C to 190°C, to determine the optimal preheating temperature of the RAP. Finally,
the RAP was preheated at optimal preheating temperature, determined in Section 5.1, for four hours
when preparing RAP50 specimens. If RA was used, it was mixed with RAP by hand for one minute
before preheating. The virgin ageregate and RAP were later mixed for five minutes in the laboratory
mixer (Figure 4.14) and, after adding virgin bitumen, previously preheated at 150°C, were mixed for three
more minutes. Finally, filler, also preheated at 170-200°C, was added to the mixture and blended in for
five more minutes to improve the coating of the aggregate and RAP particles with VB and RA.

Depending on the testing requirements, specimens were compacted in a Marshall (Figure 4.15),
gyratory (Figure 4.16), or slab compactor (Figure 4.17). Additionally, for the fatigue resistance test, four
specimens were cored from every slab, as shown in Figure 4.18. It should be also mentioned that all
asphalt mixtures were exposed to a short-term ageing procedute (four hours at 135°C) before slab
compaction. The type of compaction, approptiate standard, and compaction energy applied during the
specimen’s preparation, as well as the usage of prepared specimens, are displayed in Table 4.12.
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Table 4.12 Compaction procedure types

Compaction type blcfvir/nrboizgofns The use of specimens for: Section
Determination of the optimal preheating
50 blows per temperature of RAP 5.1
side Mix design procedure of HMA with high RAP
content 5.2
Stiffness 4.3.4 (6.1)
Marshall compactor 3 bl(?ws PEE T Water sensitivity 43.2
(@100 mm) side _
(EN 12697-30) Freeze—thaw resistance 6.4)
35 blows per  Control mixture 433
side 433
55 blows per ~ RAP15
side 433
33 blows per ~ RAP50
side

Gyratory compactor L . .
yrarory P Determination of the optimal preheating

ES;IO?Z?;I;)'?’ 1 3 rotations temperature of RAP >1
?ZI’ZZSC;;I;P ﬁgor ) Resistance to permanent deformation 4.3.7 (6.5)
c Fatigue resistance (after coring) 4.3.6 (6.6)

(EN 12697-33)

Figure 4.14 Laboratory mixer
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Figure 4.16 Gyratory compactor
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Figure 4.17 Slab compactor

Figure 4.18 Preparation of testing specimens for fatigne resistance determination

4.3 Testing Methods

4.3.1 Volumetric Properties

Before the start of testing, the following volumetric properties of every mixture/specimen were
determined:

Maximum density (EN 12697-5:2019, Procedure A: Volumetric procedure)

Bulk density of saturated surface dry specimen (EN 12697-6:2013, Procedure B: Bulk density
— Saturated surface dry (SSD))

Void characteristics (EN 12697-8:2019)
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4.3.2 Water Sensitivity

For this test, six cylindrical specimens of every mixture were prepared in
Marshall compactor with 2x35 blows. The testing specimens were divided
into two groups, dry and wet (three specimens each), with similar average
thickness and bulk density. The dry set of specimens was kept at room
temperature until the start of the test (20+5 °C), whereas the wet subset
was placed in a desiccator, filled with water, and exposed to an absolute
(residual) pressure of 6.7£0.3 kPa. After 10x1 minutes of vacuum
exposure, specimens have been kept under the vacuum for another 30£5
minutes and left submerged in water for an additional 30£5 minutes.
Specimens were further removed from water, and their dimensions were
measured to check if their volume has increased by more than 2%. The

wet subset of specimens was then placed in a water bath at a temperature
of 4011 °C for a period of 68-72 h.

The dry subset was conditioned in a thermostatically controlled air
chamber, whereas the wet subset, after conditioning, was placed directly
in a water bath. Both subsets were conditioned at the test temperature of —
25°C for at least two hours before testing. The indirect tensile strength Figure 4.19 The testing head
(I'TS) of each specimen was determined according to EN 12697-23:2018 configuration
(a diametrical load was applied at a constant speed of deformation of 50+2 mm/min after the specimen’s
placement in the testing head (Figure 4.19)). During the test, the load and displacement have been
recorded.

The ITS of each testing specimen was calculated according to the following equation:
ITS = 22 - 1000 [kPa] Equation 2.1
nmDH

where Pis the peak load [N], D /s the diameter of the specimen [mm)], and H 7s the height of the specimen

[mm].

4.3.3 Freeze-Thaw Resistance

For this test, nine Marshall specimens of every mixture were prepared, all with air voids between 6.0 and
8.0%, which is achieved by the application of a different number of blows during compaction, depending
on the mixture type (Table 4.12).

Specimens
wrapped in sealed,

]L"-lk-pl‘l)(lf p]:l.h‘(i(.‘ Water bath at 60x1°C for

24 hours

A
v

Air bath freezer at Water bath at 25+1°C
Partial saturation -1822°C for at for at least 1 hours
(ﬁ"-sﬂ“ﬂn) least 15 hours

Three and six cycles

Figure 4.20 Procedure of specimens’ preparation for freeze-thaw resistance test

After compaction, testing specimens were exposed to the conditioning procedure, as illustrated in
Figure 4.20. They were divided into three subsets with similar average thickness and bulk density;
unconditioned (dry) subset and subsets were further exposed to three and six freeze-thaw cycles. Before
conditioning, all subsets, except dry, are partially saturated to a range of 60-80% in a vacuum exicator
and then wrapped in a leak-proof plastic bag containing approximately 3 ml of distilled water. Specimens
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were then sealed and placed into a cooling chamber at -18+2°C for at least 15 hours. After their removal
from the chamber and release from the bags, they have been initially immersed in a water bath at 60£1°C
for 24 hours and later, in another water bath at 25+1°C for at least one hour. This procedure was repeated
three and six times, much more than the standard’s requirement of only one cycle (AASHTO T283).
After conditioning, the I'TS of each specimen was determined according to Equation 2.1.

4.3.4 Stiffness

For this test, four Marshall specimens of every mixture were compacted in a Marshall compactor with
2x50 blows. After determining the volumetric properties, specimens were kept on a flat surface in a
thermostatically controlled air chamber at a testing temperature (5°C, 10°C, 20°C, 30°C or 40°C) for at
least four hours before testing.

During the test, a load was applied along the vertical diameter of the speclmen Whereas a responsive
horizontal diametral deformation was measured with a linear variable
differential transformer (LVDT), as displayed in Figure 4.21. Load pulse
had a haversine waveform (the same as displayed in Figure 4.23, but with
three different loading times and pulse repetition period), and it was
initially applied ten times to adjust the load magnitude required to achieve
a target peak transient deformation of 0.005%. Additionally, five loading
pulses with adjusted loads were applied, and the variations of load and
horizontal deformation were measured and recorded. This procedure was
reapplied for different loading times (125, 200 and 300 ms). Specimens
were then rotated for 90%£10° about the horizontal axis, and the
procedure was repeated. If the average value of stiffness modulus from
the second measurement differed more than 10%, or less than -20% of
the stiffness modulus from the first measurement, obtained testing results
have been rejected.

Obtained data were further used for the construction of master .
curves (Section 6.1), which are used for the description of the asphalt Figure 4.21 The equipment for
mixture’s performance across a wide range of frequencies and determination of stiffness
temperatures. However, since the procedure for the construction of master curves uses frequencies
expressed in Hz, it was necessary to convert the loading signal from ms to Hz. That has been done using
Fourier transformation, developed by colleague Dr Marko Radisi¢ (Appendix I11), obtaining frequencies
of 2.0 Hz, 2.51 Hz, and 3.98 Hz for the loading times of 125 ms, 200 ms, and 300 ms, respectively.

4.3.5 Cracking Resistance (IDEAL-CT)

The indirect tensile asphalt cracking test IDEAL-CT) was used to determine the cracking susceptibility
of asphalt mixtures (ASTM 8225, 2019). The test has been developed as a simple, practical, and efficient
test that does not require cutting or drilling the testing specimens, purchasing new laboratory equipment,
training laboratory personnel more, or, finally, testing for a prolonged period (Zhou et al., 2017). The
IDEAL-CT is comparable to other laboratory cracking tests, such as the Texas Overlay Test and Illinois
Flexibility Index Test (Zhou et al., 2019), and positively affects field performance in terms of fatigue,
reflective, and thermal cracking (Zhou et al., 2017).
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The test is very sensitive to key asphalt mixture components (bitumen type, RAP and RAS content,
ageing of bitumen) and volumetric properties (bitumen content, air void content). It can be performed
at different testing conditions (loading rate, testing temperature, dimensions of the specimen, etc.); so, it
can be used for mix design and QC/QA (quality control and quality assurance), like any other cracking
test.

Load (kN)

Displacement (mm)

Figure 4.22 Illustration of the PPP75 point and its slope |m75 |,
adapted from (Zhou et al., 2017)

IDEAL-CT is not a new test; it only analyses the data measured during an I'TS test (displacement and
load) in a different way than the traditional I'TS test, which considers the peak load achieved during the
test (P100 on Figure 4.22). A performance-related cracking parameter of IDEAL-CT, CTindey, is calculated
according to the following equation:

G
CTindgex = é X Tf X (%) Eqgunation 2.2
where 7 is the thickness of the testing specimen [mm]|, Gy is fracture energy calculated as the work of
fracture divided by the area of cracking fac, P//is the modulus parameter, i.e. the slope | mss| at the point
of the post-peak 75% of maximum load (PPP+s on Figure 4.22), //D is the strain tolerance parameter,
where D is the diameter of specimen [mm], and / (or /s on Figure 4.22) is the displacement of a specimen
that can be tolerated when the load reaches PPPss.

The larger the CTines, the slower the cracking growth rate, i.e. the better the cracking resistance of
asphalt mixtures.

Despite its numerous advantages, the procedure has a limitation. Arambula-Mercado et al. (2019)
discovered that an increase of 4% in the air void content could increase the CTinaex up to 1.6 times; so, a
recommendation proposed by Zhou et al., 2017, which states that comparison among different mixtures
is possible only if they have similar air void content, was followed in this study.

4.3.6 Fatigue Resistance

The fatigue resistance of asphalt mixtures was assessed using an indirect tensile test on cylindrical-shaped
specimens, according to EN 12697-24, Annex E (IT-CY), except for several deviations given in Table
4.13.

Testing specimens, with a diameter of 100+3 mm, were cored from the laboratory-prepared slabs, as
explained in Section 4.2 and displayed in Figure 4.18. After the determination of their volumetric
propetties, deformation strips were glued on specimens on the opposite sides of the horizontal diametral
plane. Specimens were then placed in a thermostatically controlled air chamber, at a testing temperature
of 10°C, for at least four hours before testing. Once a specimen was mounted in the loading frame (Figure
4.24), a (ha)versine load with a frequency of 2 Hz was applied repeatedly (Figure 4.23). Tests were
performed in a stress-controlled mode, at different stress levels, from 5500 N to 12000 N, with an
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assumed Poisson’s ratio of 0.35. The resulting horizontal deformation at the centre of specimen has been
measured during the test, with two LVDTs mounted. The load was applied as many times as necessary
until the established failure criteria are reached, as described in Section 6.6.

The maximum initial strain at the centre of the specimen and the number of loading cycles leading
to the failure were recorded and used for the estimation of fatigue laws for each asphalt mixture (Section

6.6).

z N\ One cycle
=8 .

~ | Loading Rest
8 time time
= 01 0.4s

A (ha)versine
load pulse

A
7

Time [s]

Figure 4.23 A loading cycle Figure 4.24 Specimen in the loading frame

Table 4.13 Testing conditions in the study, when different than standard’s requirements

Requirements EN 12697-24:2018 Study

Specimen dimension A diameter of (150£3) mm fora A diameter of 100 mm.
maximum aggregate size of
more than 16 mm up to 32 mm.

Number of stress levels Three. Between 5 and 10.

Numbers of specimens At least five at each stress level, At least 10 per mixture.
15-18 per mixture.

The load and horizontal The first 200 load cycles should When a large number of loading

deformation monitoring be measured continuously to cycles was applied, it was
enable the calculation of the impossible to measure stiffness
initial stiffness modulus. modulus in the first 200 cycles,

due to software limitations.

4.3.7 Resistance to Permanent Deformation

Rutting resistance was determined according to EN 12697-22, Procedure B: Small device (in the air).
Two specimens of every mixture were prepared in a segment compactor, as explained in Section 4.2.
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Figure 4.25 Wheel tracking device

Testing specimens were mounted in a wheel tracking device (Figure 4.25) and kept at a testing
temperature of 60£1°C for at least six hours before the test. A load of 700 N was applied for 10.000
cycles (20,000 wheel passes) over the contact surface of 1900 mm’ giving a load frequency of
approximately 0.88 Hz.

The vertical displacement of the wheel was read continuously during the test, and obtained results
were further used for assessment of the resistance to permanent deformation (Section 6.5).
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Chapter 5. Mix Design Methodology of RAM

5.1 Optimal Preheating Temperature of RAP

The standardized procedures for determination of optimal preheating temperature of RAP have not been
established yet. Many attempts have been performed, mostly on the asphalt mixture level, requiring an
extensive work in laboratory. Preheating temperatures of RAP have been varying a lot in previous studies,
going from low (without heating) to very high (up to 170 °C), as it is displayed in Figure 5.1. From the
same figure it can be seen that RAP has typically been preheated to a certain temperature without clear
explanation of selected temperature (red part of the Figure 5.1) The standardised procedutes for the
determination of the optimal preheating temperature of RAP have not yet been established. Many
attempts have been performed, mostly on the asphalt mixture level, requiring extensive laboratory work.
The preheating temperatures of RAP have greatly varied in previous studies, from low (without heating)
to very high (up to 170°C), as displayed in Figure 5.1. From the same figure, it can be seen that the RAP
has typically been preheated to a certain temperature without a clear explanation of the selected
temperature (red part of Figure 5.1) (Bailey & Zoorob, 2012; Boriack et al., 2014; Biichler et al., 2018;
Colbert & You, 2012; Doh et al., 2008; Mamun & Al-Abdul Wahhab, 2018; Miguel Baptista et al., 2013;
Molenaar et al., 2011; Mohammedreza Sabouri et al., 2015; Sivilevicius et al., 2017; Taherkhani &
Noorian, 2018; Martins Zaumanis et al., 2018), whereas laboratory tests were performed only in several
studies to determine the optimal preheating temperature (green part of Figure 5.1) (Liu et al., 2019; Ma
et al., 2016; Madrigal et al., 2017; Silva et al., 2012a; R. West et al., 2013; B. Yu et al.,, 2017).

RAP, like any other componential material of the RAM, should be classified considering a specific
property, such as, for example, virgin bitumen, which is classified through its penetration. Tebaldi et al.
(2018), for instance, proposed the ITS test for RAP classification. Another possible classification may be
based on the optimal preheating temperature, which has usually been determined through the extensive
laboratory testing of RAMs with different RAP contents. In one study (Silva et al., 2012b) RAP was
considered as a componential material whose optimal preheating temperature was determined by
considering the compactability of Marshall specimens preheated at different temperatures, from 110 to
160°C. A temperature of 145°C was identified as the minimum temperature at which RAP should be
heated to ensure appropriate workability, whereas the addition of recycling agents (RA) decreased the
optimal temperature by approximately 20-25°C. Taziani et al. (2017) performed a similar study by
preparing specimens compacted in a gyratory compactor using a range of temperatures between 100 and
160°C, measuring compactability, I'TS, and stiffness. Although the optimal preheating temperature of
RAP was not determined, it was concluded that the material preheated at the temperature of 160°C had
the highest strength and stiffness, showing the highest rutting resistance.

The increased use of RAP results in several identifiable benefits. It reduces production costs,
emissions, and fuel usage due to the decreased demand for non-renewable resources, such as new
aggregates and especially bitumen (Baghace Moghaddam & Baaj, 2016; M Zaumanis et al., 2014).
However, the use of high RAP content in RAM requires a specific focus on its preheating because its
effect on performance and energy consumption is substantial. For example, the asphalt plant shows an
increase in energy consumption of 14 to 17% for drying and heating when a second parallel drum is used
for RAP (Anthonissen et al., 2014). This issue may be mitigated if the RAP preheating temperature is
decreased through the potential benefits deriving from the addition of RAs (rejuvenators or lubricants)
because they can decrease production temperature up to 40°C without compromising RAM propertties,
as reported by Pouranian and Shishenbour (2019) and Silva et al. (2012). Considering these facts, it can
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be concluded that the identification of the optimal preheating temperature for RAP has an essential role,
both on RAM performance and the environmental and economic aspects of the recycling process.
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Figure 5.1 Prebeating temperatures used without a clear explanation of the selected temperature (red) and optimal
prebeating temperatures determined after laboratory research (green)

This section proposes a methodology for the determination of the optimal preheating temperature
of RAP developed by performing routine laboratory tests (volumetric properties, ITS, stiffness) on the
same set of laboratory specimens prepared with different compaction methods (Marshall and gyratory
compactors). A multi-objective optimization step was further used to calculate the optimal preheating

temperature of RAP, integrating the uncertainties in determining the different properties through a
Monte Carlo (MC) simulation.

5.1.1 Materials and Testing Methods

Two componential materials were used in this part of the study to produce RAM with 100% RAP
(RAP100): RAP (Section 4.1.4) and product RO (Section 4.1.5).

RAP fractions have been combined, respecting a specific proportion: 92% of 11/22 mm and 8% of
0/11 mm, to obtain a grading curve compatible with the AC 22 BASE mixture. White curves were
considered to be, as much as possible, overlapped to the midpoint of the envelope following the target
grading curve. The red line on Figure 4.13 displays the most satisfactory grading curve attainable with

those fractions; only the passing through the sieve of 16 mm was slightly above the standard
requirements.

Figure 5.2 displays the plan of each specimen’s preparation and the tests performed. Each specimen’s
preparation is followed by the recommendations proposed by RILEM TC264-RAP — TG5 for
interlaboratory tests as follows: the RAP material was first dried in the oven at 40°C for 48 hours, and
both RAP fractions were mixed by hand, with and without a recycling agent, and left in the oven for four
hours before mixing at temperatures of 70°C, 100°C, 140°C and 170°C and at an additional temperature
of 190°C when only-RAP is used. The preheating temperature of 190°C was not applied for the RAM
with RAP+RA because of the blue smoke appearance. Just before compaction, materials were mixed for
an additional 60 seconds and placed in preheated moulds. Four specimens of 100 mm in diameter were
compacted per each preheating temperature using a Marshall compactor (50 blows per each side of the
specimen) and gyratory compactor (30 rotations). The initial objective was to use only a gyratory
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compactor and apply as many rotations as necessary to achieve air void content within the allowed range
for AC 22 BASE (4-9%) at each preheating temperature; so, 30 rotations were used. After a while, it was
decided to expand the experiment to validate the methodology; so, additional sets of specimens were
prepared using a Marshall compactor.

Reference RAP (full
RAPD activation)

Prebeating I
lemperatitre
i ¢ $ i i Y T \ 2

/ e \\ 100 /| 140°c \| 1o / 190 \
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EN 12697-5/6/8 |1| EN 12697-26:2018 EN 12697-23:2017 : ASTM D8225
| . I ‘ -
Vo umeFrlc : Stiffness @25°C ITS @25°C :‘|:> Crgckmg Tolerance
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/ Probabilistic optimization method \

C Optimal preheating temperature of RAP )

Figure 5.2 The experimental plan for the determination of optimal prebeating temperature

Volumetric properties were determined according to Section 4.3.1 after which the stiffness was
measured at a loading frequency of 125 ms and a temperature of 25°C, as stated in Section 4.3.4. The
I'TS value of each testing specimen was determined according to EN 12697-23:2018. Finally, the CTindex
of each specimen was calculated (as explained in Section 4.3.5).

5.1.2 Optimization of the Preheating Temperature

Engineering problems are typically characterised by the need to achieve different objectives by
simultaneously optimising different functions. One of the most common methods is to form a composite
objective function as the weighted sum of the different objectives. The weights that can be assigned to
each objective are proportional to the importance or preference attributed to this property. Therefore,
when the composite objective function, or so-called fitness function, obtained from converting the multi-
objective performance to a single objective, is optimised, it is possible to obtain one particular trade-off
solution. This is called preference-based multi-objective optimisation. Furthermore, based on a potentially
higher level of information, a preference vector of weights, #, can be selected. Different weighting
approaches have been applied in previous studies for the asphalt mixtures properties (Cheng et al., 2019;
Slebi-Acevedo et al., 2019).

The definition of the preference vector containing the weights of the objective functions requires
experience-driven information and different evaluations. This method permits system flexibility and the
possibility to change the preferences according to the needs of the user; alternatively, it is subjective to
the particular user (Deb, 2011) and may be sensitive to the set of parameters considered (Slebi-Acevedo
et al.,, 2019). In other words, if the number of parameters changes, the weights also change. Based on
these considerations, and due to the lack of a higher level of information, a conservative approach has
been adopted, and equal unitary weighting has been assigned to each parameter: air void content,
stiffness, ITS, and CTine. Therefore, each element of the objective’s performance has been considered
equal (set to 1) to avoid subjectivity in the process that would occur with the inclusion of surveys or
human judgement-driven information.
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Within the framework of this study, the fitness performance allows the measurement of the
appropriateness of a solution for the problem, optimising the preheating temperature of RAP to obtain
the highest possible performance. The fitness function has been defined as the sum of the normalized
performance values for each preheating temperature, resulting in a I (fitness performance) value, as
specified in Equation 3.1:

4
F; = Z Wit Vi Eguation 3.1
i=1

where: y;; is the value of the i-parameter at each preheating temperature j, and w; is the weight assigned
to each parameter, in this case, equal to 1.

An additional step consisted in considering the process of selecting the highest fitness, defined as a
sum of performance, as a probabilistic process instead of considering the overall process as deterministic.
An additional step consists of considering the process of selecting the highest fitness, defined as the sum
of performance, as a probabilistic process instead of considering the overall process as deterministic.
Indeed, the bitumen and asphalt mixture performance are affected by uncertainties and variability,
especially when RAP is involved (Kim & Lee, 2002; Maji & Das, 2008; Bressi, Carter, et al., 20106). The
uncertainties of the input parameters are one of the crucial aspects for a reliable preheating temperature
selection; therefore, stochastic simulations were adopted through the use of a Monte Carlo (MC) analysis
to incorporate the uncertainties in the process for the determination of the optimal preheating
temperature. An MC analysis was based on the idea of associating to each input of the model adopted,
not a deterministic value, but a suitable probability distribution function (pdf), and it is, thus, possible to
determine all the uncertainty and variability related to the considered parameter (Kroese et al., 2011). The
output of the model was then calculated assuming n-times, as input, a random extrapolation from the
probability distribution representing the results obtained, assumed to be a normal distribution (Maji &
Das, 2008; Bressi, Carter, et al., 20106).

After a complete set of simulations, the results in terms of fitness value allowed the determination of
the pdf of the output itself (Saltelli, 2002) (Equations 3.2 and 3.3):

Ns
. 1
E(F) = —Z Fy Eguation 3.2
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k=1
1 <
6(F) = Z[Fk - E(M)]? Equation 3.3
ng—1 e

where: Fy is equal to the results of simulations, ng is the number of simulations, E(F) is the estimated
value of output vatiable y, and 6 (F) is the estimated standard deviation of output variable F.

Considering the expected value and standard deviation for a sequence of different numbers of
simulations, it was possible to evaluate the stability of the output. Indeed, different numbers of
simulations (100, 200, and 500) have been performed to achieve the stability of the solutions, i.c. the
stable value of the fitness performance at each preheating temperature. Simulations have been performed
with a random selection from the input distributions for each variable. The limiting values of each variable
have been selected as the minimum and maximum values measured in laboratory tests regarding
compaction type and RA presence (Appendix IV).

The fitness function has been estimated at different preheating temperatures of RAP considering the
different parameters (y; in Equation 3.1): air void content, indirect tensile strength, stiffness, and CTindex.
These parameters have been selected due to their importance in the mix design procedure, widely
available equipment in laboratories, and the simplicity of the testing procedure.

64



Chapter 5. Mix Design Methodology of RAM

To optimise the RAP preheating temperature, it was essential to determine the most favourable
combination of different parameter values, establishing a target for each parameter, maximum or
minimum:

e Minimization of air voids. Lower air void content is preferable (without exceeding the lower
limit of the optimal range, depending on the mixture type), which means that the higher
quantity of RAPb becomes fluid during preheating and mixing procedures, ensuring
adequate compaction. This will lead to improved moisture resistance (Kassem et al., 2011),
higher resistance to the effect of low temperature (Basueny et al., 2014), increased fatigue
life (Harvey & Tsai, 19906), and indirect tensile strength (W. Zhao, 2011).

e Maximisation of ITS. ITS is an indicator of the cohesion between bitumen and aggregates,
strongly correlated to the cracking properties of the bituminous mixture (W. Zhao, 2011).
At low temperatures, ITS will be low because RAPb will not be fluid enough to recoat the
aggregate particles (D. Lo Presti et al., 2019), causing an adhesive failure (break appears
through the asphalt-aggregate interface). With the increase of the preheating temperature,
RAPD becomes fluid, I'TS increases, and the failure type becomes cohesive (through the
binder film) or combined (cohesive/adhesive), as explained by (Canestrati et al., 2010).
Since higher ITS values correspond to a stronger cracking resistance (Islam et al., 2015), it
is crucial to achieve as high ITS as possible.

e Minimization of stiffness. The presence of RAP in a new RAM unequivocally increases the
stiffness of the mixture (Colbert & You, 2012; Swamy et al., 2011). Aged bitumen coming
from RAP is significantly harder, more aged, and prone to cracking when compared to
vitgin bitumen. Consequently, further hardening/ageing under the impact of high
temperature should be avoided because bitumen overheating significantly decreases
pavement durability (Sarnowski et al., 2019).

e The importance of ITS and stiffness, as well as their balance, have been previously
investigated in detail by Pellinen (Pellinen, 2004), who concluded that the increase of both
parameters leads to improved rutting and cracking resistance. Additionally, Pellinen and
Xiao (Pellinen, T. and Xiao, 2006) found that low stiffness and high strength cause an
increase in rutting potential problems, whereas high stiffness and low strength lead to a
potential increase in low-temperature and top-down cracking. Overall, it can be concluded
that a certain balance between these parameters should be preferable.

e Maximization of CTindex. The CTinges is a parameter that may be used for comparison among
different asphalt mixtures compacted to approximately the same level of air voids (e.g.
7%£0.5 %). It has a very good correlation with reflective and fatigue cracking, where a higher
CTindex value means better cracking resistance and less aged RAPb (Zhou et al., 2017).

To turn the problem into a maximization problem, the air voids and stiffness values were adjusted as
follows, and in the same way for ITS and CTindex:

Air voids;, gy

Air voids = Air voids' Eguation 3.4
Stif fnessmax
Stif fness = ———— Eguation 3.5
1 Stiffness’ 7

where: Air voids,.. 1s the maximum value of air void content for the different preheating temperatures,
Stiffnessy. is the maximum value of stiffness for the different preheating temperatures, Air vozds’ is the
value of air voids randomly sampled from the probability distribution representing the trend of the air
voids values, and S#ffuess’ is the value of stiffness randomly sampled from the probability distribution,
representing the trend of the stiffness values.

To summarize, the following steps were performed:
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Assuming the volumetric and mechanical properties being normally distributed (Bressi,
Carter, et al., 2016), the parameters characterising the distributions (mean and standard
deviation) of each set of results (air voids, ITS, stiffness and CTinaex) were calculated based
on the results of test repetitions for the different materials and compaction process (four
specimens of RAP and RAP+RA mixtures at each preheating temperature).

An n-times random extrapolation from the probability distribution of each parameter (air
voids, ITS, stiffness, and CTinaes) has been performed to obtain the data string.

All the values of the different properties have been normalized to bring all the values on
the same scale and avoid the issue related to different measurement units.

The fitness values have been generated as the sum of the normalised, randomly
extrapolated values. Equal weighting has been adopted (all weights equal to 1).

A fitness function has been generated, interpolating the fitness values obtained for different
preheating temperatures, and a trade-off solution (optimal preheating temperature) has
been identified through the maximization of the fitness function.

A schematic representation of the method is shown in Figure 5.3.
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Figure 5.3 Schematic representation of the probabilistic optimization methodology

5.1.3 Testing Results

All the RAP mixtures had the same grading curve and bitumen content, therefore the effect of the
different preheating temperatures on the performance was isolated and measured, which may lead also
to certain conclusions regarding the bitumen stiffness and the degree of binder activation. First all the
test results are shown and afterwards the results of the probabilistic optimization procedure for

determining the optimal preheating temperature are reported.

5.1.3.1 Volumetric Properties

The air void content at different RAP preheating temperatures (average values and standard deviations)
of the RAP and RAP+RA specimens, compacted with gyratory and Marshall compactors, is provided in

Figure 5.4.
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Figure 5.4 Air void content of RAP and RAP+RA specimens prebeated at different temperatures and compacted in
(a) gyratory and (b) Marshall compactor

The results show that, regardless of the compaction method used and the presence of a recycling
agent, the air void content decreases with the increase of the preheating temperature up to 140°C, and
afterwards, above this temperature, it is possible to observe a gradual increase of the air voids. The only
exception was in the case of the only-RAP mixture compacted with a Marshall compactor, where the air
void content gradually decreased to 170°C and then increased. Similar conclusions were drawn by Ma et
al. (2016), who reported the similar performance of the RAM with 50% RAP, but after using a slightly
higher preheating temperature (150°C). The trend emerging from Figure 5.4 can be explained considering
the variation of the RAPD state: with the increasing of the temperature to a certain level, RAPb becomes
fluid and recoats aggregate particles, facilitating the aggregate’s packing and the compaction. The higher
flow allows the void content to be reduced. However, a too-high temperature burns the already aged
RAPD, making it too stiff (“black rock”). Considering the impact of RA on air void content, it can be
seen that its addition decreases the air void content of the specimens compacted with the gyratory
compactor from approximately 14-19%, regardless of the preheating temperature. Marshall specimens
preheated at lower temperatures (70°C and 100°C) have a similar decrease of air void content (around
13-14%) as gyratory compacted specimens. However, the highest reduction occurred at 140°C (27%) and
the lowest, at 170°C (6%), showing the highest potential benefits of RA use at temperatures below 140°C.

5.1.3.2 Stiffness

The average values and standard deviations of RAP and RAP+RA specimens prepared with a gyratory
compactor and Marshall compactor are displayed in Figure 5.5a and Figure 5.5b, respectively.
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Figure 5.5. Stiffness of RAP and RAP+RA specimens prebeated at different temperatures and compacted in (a)
gyratory and (b) Marshall compactor
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Focusing on the stiffness, it is possible to notice that the variation of stiffness with the preheating
temperature is similar in both cases — the lowest value of the stiffness was measured at a preheating
temperature of 70°C because the RAPb was not sufficiently reactivated to create a new bitumen bridge
between the particles; in a temperature range between 100°C and 140°C, RAMs had relatively similar
stiffness, and afterwards, it rapidly increases up to a maximum value at 170°C; after achieving a maximum
value, stiffness started decreasing because the RAPD lost its binding properties under the impact of high
temperature. As it can be observed from Figure 5.5a and Figure 5.5b, despite the similar trend of stiffness
varying the preheating temperature, the values of stiffness are significantly higher for specimens prepared
with a gyratory compactor. This is a consequence of the different compaction energy and type that caused
lower air voids content.

The addition of RA, as might be expected, decreased the stiffness between 1.8 and 2.8 times in the
case of the specimens compacted in the gyratory compactor and between 0.5 to 2.3 times in the case of
the Marshall specimens. Additionally, RA helped in the reactivation of RAPb more than increasing the
preheating temperature, especially in the range of temperatures between 100°C and 140°C. The stiffness
of the gyratory and Marshall specimens of RAP mixture were 16% higher and 4% lower at 140°C than
at 100°C, respectively. When considering the RAP+RA mixtures, specimens compacted at 140°C had
37% and 57% higher stiffness than the specimens compacted at 100°C (gyratory and Marshall,
respectively).

5.1.3.3 Indirect Tensile Strength
The ITS test results are reported in Figure 5.6.

The trend of ITS versus the preheating temperature resembles the trend of the stiffness for the same
mixtures: it increases with the increase of the preheating temperature up to the maximum value measured
at 170°C, and then it decreases. This leads to the conclusions that higher temperature helps to release the
RAPD and improve the degree of binder activation, whereas, at low temperature, it is impossible to release
RAPD and make it available for blending (D. Lo Presti et al., 2019).

From Figure 5.6, it can be seen that the I'TS, regardless of the compaction method used, shows similar
values at 100°C, 140°C and 190°C, whetreas the highest and the lowest values are obtained at 170°C and
70°C, respectively. It can also be concluded that ITS decreases when RA is used because it softens RAPb.
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Figure 5.6 I'T'S of RAP and RAP+RA specimens prebeated at different temperatures and compacted in (a) gyratory
and (b) Marshall compactor

5.1.3.3.1.Correlation Between Stiffness and I'TS

Figure 5.7 shows a clear increase in both properties (ITS and stiffness) with the increase of the preheating
temperature, regardless of the presence of RA, up to a temperature of 170°C. This temperature, within
the framework of this study, can be defined as the ¢ritical temperature, i.e. the temperature that, if exceeded,
leads to a rapid decrease in the values of the properties, especially in the case of Marshall compacted
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specimens, confirming the results obtained by Ma et al. (2016). Since there exists a significant correlation
between stiffness and ITS values, an additional analysis was performed.

2,000 2,000
-°C
1,600 1,600 70 Y
- —_ o S
& 1200 £ 1,200 €
=5 =5 &aﬁ\\
a0 S
é 800 &t g 800 \'\‘\A\.__..
400 ;". ¥ = 0.1397x +369.47 00 | QHG‘#\ 190 °C
T Re=09436 RAP y = 0.137x + 222 RAP
0 ® RAP+RA 0 ° R?=0.9005 © RAP+RA
2) 0 3,000 6,000 9,000 12,000 b) 0 3,000 6,000 9,000 12,000
Stiffness [MPa] Stiffness [MPa]

Figure 5.7 Correlation between stiffness and I'TS of RAP and RAP+RA specimens compacted in (a) gyratory and (b)
Marshall compactor

The correlation between ITS and stiffness has been assessed with the Pearson correlation coefficient
(r), a widely used correlation statistic that calculates the relationship between the variables. When the
coefficient is close to +1 or -1, it indicates a positive or negative linear correlation, respectively, while if
the coefficient is closer to zero, it indicates a poor correlation or no correlation between the parameters

(Schober & Schwarte, 2018).

Table 5.1 presents the Pearson correlation coefficients for the ITS and stiffness for the different
combinations of RAMs (RAP or RAP+RA) and compaction methods (gyratory or Marshall compactor).
It is possible to observe that I'TS and stiffness have a strong positive linear correlation in all cases except
the case of RAP specimens compacted using a gyratory compactor, where the r coefficient was slightly
lower but still close to 1. The lower coefficient’s value, in that case, is a consequence of including the
testing results of the gyratory compacted RAP specimens preheated at a high temperature (190°C) in the
analysis, once more highlighting the importance of defining and using the maximum allowable preheating
temperature.

Table 5.1 Correlation coefficients between ITS and stiffness considering the different composition of the RAM and

compaction method

Mixture Compaction Pearson r correlation
RAP Gyratory compactor 0.87
RAP + RA Gyratory compactor 0.97
RAP Marshall 0.98
RAP + RA Marshall 0.95

5.1.3.4 CTndex

After performing the ITS test, data were further used to calculate CTinex Of each mixture. The obtained
results are displayed in Figure 5.8.

The results show that the preheating temperature had a significant impact on the CTinaex, regardless
of the compaction method. In the case of RAP specimens, it decreased with the increase of the preheating
temperature up to the ¢ritical temperature of 170°C and then slightly increased. Similar trends were noticed
when RA was added, but with significantly higher CTiuaex values when compared to only-RAP mixtures.

Focusing on the values calculated for the Marshall specimens displayed in Figure 5.8b, it can be seen
that the CTiue values are much higher when compared to the results calculated for the gyratory
specimens displayed in Figure 5.8a. This is a consequence of higher air void content, as reported also in
the study conducted by Arambula-Mercado et al. (2019), where the authors concluded that an increase
of 4% in the air void content increased the CTingex up to 1.6 times. Since the CTinaex 18 very sensitive to air
void content, it is difficult to distinguish the impact of preheating temperature on the CTinaex based on air
void content. To isolate only the effect of the preheating temperature, specimens with similar air void
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content, as recommended by (Zhou et al., 2017), were compared (gyratory compacted specimens with
and without RA prepared at 100°C, 140°C, and 170°C). From Figure 5.8, it can be seen that the increase
of preheating temperature causes the decrease of the CTine, confirming the conclusions from Zhou et
al. (2017) that more aged mixtures have a lower CTinges than unaged mixtures. Specimens prepared in the
Marshall compactor could not be compared due to a huge difference in air void content, but the effect
of the variation of the preheating temperature on the variation of the CTinaex Was the same as in the case
of gyratory compacted specimens. Overall, it can be concluded that the increase of the preheating
temperature has a high impact on cracking resistance.
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Figure 5.8 CT g of RAP and RAP+RA specimens prebeated at different temperatures and compacted in (a)
gyratory and (b) Marshall compactor

5.1.4 Results of the Optimization Process

Once having measured the properties of each mixture (RAP and RAP+RA), depending on the
compaction method (Marshall or gyratory compactor), the methodology for the optimisation of the
preheating temperature is applied. Figure 5.9 shows that a steady state with high fitness value, i.e. the
maximisation of all objectives, was achieved after approximately 300 simulations.
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Figure 5.9 Change of the fitness value in the first 500 simulations Figure 5.10 The probability density function and cumulative
(excample of the gyratory compacted RAM prebeated at 140°C) distribution of the fitness values obtained for the RAP compacted
with a gyratory compactor after prebeating at 140°C

Based on this, 500 simulations have been conservatively adopted as the number of simulations
appropriate for this application.

Figure 5.10 displays an example of the probability density function and the cumulative distribution
of the fitness values obtained for the RAP without a recycling agent preheated at 140°C and compacted
with a gyratory compactor. Analogously, the same procedure was applied for all the other RAMs.

Figure 5.11 and Figure 5.12 display the fitness functions obtained for the mixtures composed of RAP
and RAP+RA for the two compaction methods (gyratory and Marshall compactors).
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Figure 5.12 Fitness functions obtained for the RAP and RAP+RA specimens compacted in Marhsall compactor

From Figure 5.11 and Figure 5.12, it is possible to observe that the fitness value for the low preheating
temperature is the lowest, indicating less reactivation of the aged binder trapped in the RAP and,
consequently, a lower level of overall performance. Afterwards, the curve shows a rapid increase up to a
maximum that corresponds to the optimal preheating temperature of the RAP or RAP + RA (Trap,op
and Trap+racpt, respectively), and then it decreases because the too-high temperature of the RAP hardens
the already aged bitumen.

Testing results show that the optimal preheating temperature of RAP is around 30°C, regardless of
the compaction type, whereas the addition of RA decreases the preheating temperatures (AT) for 14.5°C
and 7.2°C when the gyratory and Marshall compactor are used, respectively. This difference is caused by
the different compaction type, compaction energy applied, and the effect of RA addition.

Further confirmation of the importance of the preheating temperature is presented in Figure 5.13,
which highlights the different visual aspects of the specimens fabricated from RAP preheated at different
temperatures. At the lowest temperature of 70°C, the material is not homogenous, and many aggregate
particles without bitumen are visible, showing that low temperature cannot reactivate the RAPb, which
remains stuck to a few aggregate particles. This caused an adhesive failure (separation of the RAPb from
the aggregate). At 100°C, the picture shows another condition: the specimen appears more homogenous
with a higher amount of coated particles. Similar cross-sections, considering a homogeneity and
occurrence of a cohesive/adhesive failure type appeared at specimens compacted at 140°C and 170°C,
but with a much paler colour of RAPb. This is probably a consequence of oil lost due to the exceeding
of the optimal preheating temperature. To confirm these hypotheses, additional chemical tests should be
petrformed on RAPD recovered from compacted specimens after preheating at different temperatures.
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Figure 5.13 Cross sections of specimens prebeated at different temperatures after IS’ test

5.1.5 DoA Estimation

As mentioned in Section 2.2, a reliable testing method for the assessment of RAP’s DoA is not yet
developed. However, after a comprehensive literature review, the asphalt mixture testing method is used
in this study to estimate DoA.

The estimate of DoA was done similarly as it was carried out by Menegusso Pires et al. (2019), who
proposed the following equation for DoA estimation:

ITSRrap(X °C)
maxITSRap

DoA =100 x [%o] Egunation 3.6

whete ITSrap (°C) is the I'TS test result of the only-RAP preheated at a specific temperature “X”, and
maxITSkap is the maximum I'TS test result of the same RAP material (in that study after preheating at 170
Q).

In this study, DoA is estimated considering two properties, ITS and stiffness, according to the
following equation:

DoA = 100 x Lrar(XC) Egunation 3.7

reference
where Yrap (°C) is the property of the only-RAP specimens (stiffness and ITS) preheated at a specific

temperature “X”, and Y, is the same property of the reference RAP specimens (with artificially made
full activation).

Considering the importance of the above-mentioned critical temperature, which may vary depending on
RAP source, three specimens with artificially achieved full binder activation were produced using both a
gyratory and Marshall compactor. These specimens were prepared as explained below:

e The RAPD was extracted from both RAP fractions (0/11 mm and 11/22 mm).
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e An extraction procedure was applied to the blend of solvent and the RAPb to extract
the RAPD.

e The rotational viscosity of extracted RAPb was measured at 135 and 165°C, as
described in Section 4.1.3. The mixing and compaction temperatures of the reference
RAP mixture were determined following the recommendations proposed by Yildirim
et al. (2000) (157-162 °C and 172-176°C, respectively, as displayed in Figure 5.14).
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Figure 5.14 Determination of the mixing and compaction temperatures of the RAP100 mixture

e The stiffness and ITS of each specimen were measured in the same way as it was
petrformed in Section 5.1.1.

After determining the ITS and stiffness of each specimen, their average values were calculated and
compared with the same properties of the RAP mixtures previously preheated at different temperatures
(Figure 5.5 and Figure 5.6) using Equation 3.7. DoA values, depending on the preheating temperature

and compaction method, as well as the I'TS and stiffness of reference specimens, are given in the table
below.

In the case of the reference mixture, with artificially made full binder activation, compaction type
does not seem to have a significant impact on the stiffness modulus (around 10% less stiffness when
using the Marshall compactor). When considering ITS, Marshall specimens have around 20% less
stiffness compared to gyratory compacted specimens. However, when discussing DoA at optimal
preheating temperature, it is only around 22% when considering the stiffness modulus, and around 35%
when considering the ITS value in the case of Marshall compacted specimens. In the case of gyratory

compacted specimens, these values are much higher: around 40% and 54%, depending on the selected
parameter (stiffness or ITS, respectively).

Table 5.2 DoA depending on the preheating temperature, compaction type, and a certain property

Property Compaction Preheating temperature [°C]
operty type 70 100  Optimal 140 170 190
. e Gyratory 2,082 3,790 4831 10333 8987
gc  Stffness MPal P hall 780 2,198 2,106 7,555 2,743
L3 B P Gyratory 7486 1,151.1 11397 1,641.6 1,217.1
§ Marshall 3033 587.6 6694 12971  639.6
o Gyratory 10,691
= 3 Stffness [MPa] P hall 9,642
&5 Gyratory 2,132.2
& TTS [kPa] Marshall 1,792.2
- . Gyratory 195 355  ~40 452 967 841
3 Stiffness [MPa] o cpall 81 228  ~22 218 784 284
5 Gyratory 351 540  ~54 535 770 571
A TS [kPa] Marshall 169 328  ~35 374 124 357
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Overall, it can be concluded that the estimation of DoA strongly depends not only on preheating
temperature, but also on selected RAP property and compaction type, especially if binder activation is
poor. However, it is not possible to accurately assert which parameter is an appropriate indicator of DoA.

5.2 Determination of Optimal Virgin Bitumen and Recycling Agent Contents

This section presents the development of a model for predicting the performance of the RAM, starting
from the different dosage of the components, particularly virgin bitumen and the recycling agent, during
the mix design procedure. This allows the definition of the optimal contents of the two components, VB
and RA, which ensures the achievement of the optimal performance of bituminous mixtures with high
RAP content.

5.2.1 Research Methodology, Materials and Methods
5.2.1.1 Research Methodology

To predict the performance and define the optimal VBC and RAC in a high RAP mixture, a multiple
variable model was developed using the Response Surface Methodology (RSM). As more than one
variable at a time was treated, these variables were expressed in different units, and, thus, the variables
were standardized, making the coefficients independent of the unit of measurement (Ayyub & McCuen,
2016).

5.2.1.1.1.Response Surface Methodology

To model systems with multiple vatiables varying in a defined domain of expetiments, it was possible to
apply a Response Surface Methodology (RSM) using a limited set of combinations of tests (Bressi, Pittet,
etal.,, 2016). RSM is based on using mathematical laws and statistics to develop an appropriate functional
relationship between an independent variable y (output) and a certain number of dependent vatiables
(input) (Khuri & Mukhopadhyay, 2010). These functional relationships allow obtaining predictive models
for drawing certain conclusions about the performance of materials and possibly defining the optimum
of certain parameters. In this section, RSM was employed to develop an empirical multivariable model
to predict the air void content, stiffness, ITS, and CTinax of the RAP50 mixture considering the different
VBC and RAC. Moreover, in the validity domain, the optimum content of both components has been
defined to optimise the performance of the mixture. To do that, it is necessary to proceed with the
following steps:

e To establish an adequate experimental design to optimise a response variable using
the minimum experimental effort.

e To apply RSM to define the most appropriate predictive performance models by
estimating its coefficients from experimental data.

e To test the statistical hypotheses on the goodness (or lack) of fit of the obtained
models.

e To validate the obtained models on an independent set of laboratory tests.
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5.2.1.1.2. Experimental Design

To develop a predictive response for each parameter (air N
void content, ITS, stiffness, and CTindex, which are p e T P
dependent variables) by varying two independent variables 1 ik
(VBC and RAC), it was necessary to set an experimental — /
design that can envisage the possibility of building a * (©:5:0-866)
second-order polynomial relationship that might be more ;
appropriate in describing the real response surface
problems (Khodaii et al., 2016). The most popular
experimental designs for fitting a second-order polynomial
model for RSM application are the Central Composite
Designs (CCD), introduced by Box and Wilson in 1951 (G, ;
E. P. Box & Wilson, 1951), and the Box and Behnken
design (G. E.P. Box & Behnken, 1960), introduced in 1960. i
Later, in the *70s, Doehlert, (Doehlert, 1970) introduced
the uniform shell design, which differs from the other ; g ¢
designs, for the position of the experiments in the R L A
experimental domain. The first advantage of the Doechlert

design is that it requires less experimental combinations  Figure 5.15 Doeblert network for two factors
compared to the central composite or Box-Behnken

designs. Therefore, the arrangement of the measurement points can be optimised to minimise the
variance of the fitted model over the experimental space, with a uniform distribution of the points across
the experimental space with a thomboidal net pattern (two factors give a hexagonal shape). This allows
obtaining the same variance of the predicted response, i.e. the equal precision of estimation in all
directions (rotatable design) (Bressi, Pittet, et al., 2016). Moreover, another advantage of the Dochlert
design, compared to the CCD, is the possibility to extend the domain by adding other factors at a second
point in time without changing the coordinates of the previously conducted experiments (Bressi, Pittet,
et al., 2010).

(GH 0;‘

(-0.5;—0.86@) (0,5;-0.866)1,"'

For two variables (VBC and RAC), the design matrix envisaged seven experiments, where six of them
are equidistant from the central experiment, as shown in Figure 5.15. Hence, according to the coordinates
of the Dochlert’s network, the combinations in Table 5.3 were tested for each parameter (air void content,
stiffness, ITS, and CTine). The interval of VBC was selected in the way that final binder content
(VB+RAPD) in RAP50 mixture is around +0.5 %, respecting the binder content of the control mixture
(3.6%), whereas the interval of RAC was selected to ensure that the final binder blend has an estimated
penetration value as close as possible to the VB.

Table 5.3 Summary of the experimental points considered in the Dobelert design

. . Doehlert
No. of The interval of  The interval of ) 0 ) 0
experiment  RAC [%] VBC [%] cffféviﬁﬁl;s % RAC [72] %2 VBC [A]
1 0;0 0.230 1.350
2 -1;0 0.110 1.350
3 1;0 0.350 1.350
4 0.11-0.35 0.9-1.8 -0.5;-0.866 0.170 0.960
5 0.5; 0.866 0.290 1.740
6 -0.5; 0.866 0.170 1.740
7 0.5; -0.866 0.290 0.960

5.2.1.2 Materials and Methods

Materials of the same origin were used in this part of the research and in the rest of the study (Section
3.4). For mix design methodology, seven mixtures with 50% RAP and different VBCs and RACs were
prepared according to the Dochlert’s experiment design (Table 5.3), respecting the sample preparation
procedure from Section 4.2.
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The proportion of RAP fractions was always the same: 4% 0/11 mm and 46% 11/22 mm, whereas
the amounts of the other virgin aggregate fractions were modified to achieve the same grading curve for
each RAM, as close as possible to the CM (green line in Figure 4.13). The compositions of each mixture
are given in Table 5.4.

Table 5.4 Componential materials of RAP50 mixtures

Constituent [%o] Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7
Filler 0.5 0.5 0.5 0.5 0.5 0.5 0.5
s ¥ 0/4 mm 16.7 16.7 16.6 16.8 16.5 16.5 16.8
§ ¥ 4/8 mm 13.9 13.9 13.8 14.0 13.8 13.8 14.0
¥ 8/16mm 1.4 1.4 1.4 1.4 1.4 1.4 1.4
16/22 mm 16.0 16.1 16.0 16.2 15.9 15.9 16.2
§ RAPb* 2.34
N
S Virgin 1.35 1.35 1.35 0.96 1.74 1.74 0.96
Recycling agent 0.23 0.11 0.35 0.17 0.29 0.17 0.29
0/11 mm 4
E 11/22 mm 46
Total 50

* Bitumen coming from RAP

As each asphalt mixture contained different VBC and RAC, causing the different stiffness/viscosity
of the final binder blend, it was first necessary to determine the optimal mixing and preheating
temperatures of each blend. Blends with different VBC, RAC, and RAPDb contents, in the same
proportion as in an appropriate RAM, were prepared, and their rotational viscosities were measured at
135 and 165°C. Mixing and compaction temperatures were determined according to the procedure
explained in Figure 5.14, and results are given in Table 5.5. Additionally, the equations of the trend lines
are given in the same table.

Table 5.5 Mixing and compaction temperatures of RAM with 50% and different 1”BC and RAC

Binder blend Viscosity [mPa.s] Fquation I\/Iixirig Compacotion
135°C__165°C range [*C] range [*C]
Blend 1 0.753  0.250 y=108.47¢0.057x 159-165 140-146
Blend 2 0.950  0.280 y=230.64¢0041x 162-167 145-150
Blend 3 0.555 0.214 y=40.02¢0-032x 152-159 131-138
Blend 4 0.940  0.281 y=218.87¢0.0% 164-170 147-152
Blend 5 0.600  0.241 y=306.487¢003 159-167 136-144
Blend 6 0.726  0.245 y=96.119¢0-036x 160-166 141-147
Blend 7 0.531 0.206 y=37.494¢0.032 150-157 129-136

After the preparation of the testing specimens, the volumetric properties were measured using the
standardized procedures mentioned in Section 4.3.1 The stiffness and I'TS were determined respecting
the conditions given in Section 5.1.1, whereas the CTinaex Of each specimen was calculated following the
methodology proposed in Section 4.3.5. The experimental plan of this section is displayed in Figure 5.16.
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Figure 5.16 Experimental plan of the mix design methodology development

5.2.2 Testing Results and Determination of Optimum Conditions
5.2.2.1 Testing Results

Four replicates for each combination reported in Table 5.3 were conducted. The average values and
standard deviations of each property investigated were displayed in Figure 5.17. As these testing results
were used as input data for calculation of regression coefficients of different models, they are not
discussed in detail.
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Figure 5.17 Testing results of RAP50 mixtures required for development of appropriate models

5.2.2.2 Development of Models

Empirical response models are based on the experimental data to adequately represent the responses,
both in the domain where experiments were performed and outside the domain. It is necessary to find a
suitable approximation for the true correlation between independent variables and appropriate response
surfaces. The three objectives of considering these models are (Khuri & Mukhopadhyay, 2010):

1. To predict the response values for a given set of input data by identifying an appropriate
relationship between the results and the VBC and RAC.

2. To measure the importance of the input factors VBC and RAC for those models.

3. To determine the values of the input factors VBC and RAC to optimise the response
value over the validity domain.

Depending on the complexity of the model, different sets of coefficients can be selected. To
understand and select which type of model is more appropriate to fit the data, and, therefore, which set
of coefficients is useful for predicting the response variable, several regression-related analyses were
performed, including the computation of the coefficient of determination R? goodness of fit, and Lack
of Fit (LoF). Initially, a first-order response surface model was applied to each set of experimental data
since this is the simplest linear model following the parsimony principle If the curvature of the response
was strong enough that the first-order model is inadequate to appropriately describe the experimental
data, a second-order or a third-order model were then applied, and the analyses were repeated, or the
interactions between the variables were added (Myers & Myers, 2007). The relationship between the input
variables and the response variables (air void content, stiffness, ITS and CTine) Was expressed according
to the equation:

Yy = Bo+ B1x1 + Baxy + Prax1x; + /?113512 + ﬁzzxz2 + ﬁ111x13_ +¢€ Eguation 3.8
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where x; is the RAC [%], x5 is the VBC [%)], By is the coefficient of the constant factor term, 1 and 5,
are the coefficients of the main effects (RAC and VBC, respectively), f1, is the coefficient of the
interaction terms (recycling agent/virgin bitumen), 11 and [, are the coefficients of the second-degree

terms (related to the RAC and VBC, respectively), and 111 is the coefficient of the third-degree term
(related to the RAC).

It should be mentioned that a polynomial with degree greater than two is usually not used in RSM
(Sarabia et al., 2020), but in the case of the CTiue response model, this was necessary due to its
complexity. Finally, the selected models for certain responses are given in the table below.

Table 5.6 Appropriate models selected for the description of investigated properties

Response Degtree of the polynomial
Air void content  Second

Stiffness Second

ITS First

CTindex Third

5.2.2.3 Estimation of Regression Coefficients

The estimation of the regression coefficients was performed using an iterative least-square procedure,
whereas their significance was checked using the ##esz. A student’s #fest was used to test the significance
of individual regression coefficients on every proposed model (Equation 3.8). The p-value for each term
tests the null hypothesis that a coefficient is equal to zero, i.e. it is not statistically significant. A p-value
lower than the significance level (0.05) indicates that the null hypothesis can be rejected. Alternatively, if
the p-value is greater than the significance level, there is insufficient evidence in the sample to conclude
that a non-zero correlation exists, i.e. coefficients are not statistically significant (red values). In Table 5.7,
the values of the individual regression coefficients of each response are given together with the statistical
parameters required to test the null hypotheses.

Table 5.8 presents a summary of the selected models and the individual regression coefficients of
each model.
Table 5.7 Student’s t-test on significance of individual regression coefficients

Significance at 5%

Model Notation  Coefficients Standard error  Statt p-value
confidence level

8o -20.56 5.85 352 0.001 Yes

—_— Bi 55.90 18.35 305 0.005 Yes
° 8 B2 37.44 7.12 526 2.81E-05 Yes
= S Biz -24.92 9.13 273 0012 Yes
< Bii -64.38 34.69 186 0.076 No
B22 -12.71 2.57 -4.94  6.09E-05 Yes

Bo 12,227.45 1,811.42 6.75  1.78E-08 Yes

? Bi -27,625.27 5,381.91 513 5.12E-06 Yes

Y B2 -8,462.32 2,172.13 390 3.02B-04 Yes

g Biz 7,760.82 2,678.54 290  0.005 Yes
? Bii 19,480.99 10,299.19 189 0.064 No

B2z 2,604.87 754.99 345 0.001 Yes

. Bo 926.08 91.88 10.08  2.66E-11 Yes

£ Bi 1,179.67 228.86 515  1.38E-05 Yes

B2 182.33 64.48 283 0.008 Yes

Bo 192.14 63.36 303 0.005 Yes

Bi -2,012.53 552.64 3.64  0.001 Yes

g B 7242 62.55 116 0257 No

e Bi2 12.43 76.82 016 0.872 No

© Bin 9,432.51 2,493.94 378  7.85E-04 Yes

B2 28.05 2337 120 0240 No

Bint -13,330.40 3,608.36 -3.69  9.87E-04 Yes
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Considering the table above, it can be seen that there are several coefficients with insignificant p-
values, suggesting that changes in the predictors are not associated with changes in the responses. This
means that they can theoretically be neglected, but it is decided to keep them to have a more precise
model, because it has been proven that, for example, VBC has a crucial impact on the CTinges; S0, it should

not be neglected (Zhou et al., 2019).

Table 5.8 Summary on the selected models and related regression coefficients

Regression coefficients

Parameter Model
Bo B4 B2 B11 B2 B2 Bi
Air void content 20 order -20.56 55.90 37.44 -64.38 -24.92 -12.71 -
Stiffness 2nd order 12,227.45  -27,62527  -8462.32 19,480.99 7,760.82 2,604.87 -
ITS Linear 926.08 -1,179.67 182.33 - - . .
CTindex 3rd order 192.14 -2,012.54 -72.42 9,432.51 -12.43 28.05 -13,330.4

5.2.2.4 Response Surface Plots

The 3D response surface models of the air void content, stiffness, ITS, and CTine ate plotted using
developed models and displayed in Figures 5.18-5.21. In each surface plot, the two input variables (VBC
and RAC), are plotted on the x and y-axis, and the response surfaces (air void content, stiffness, I'TS and

CTindes) are represented in the g direction.

8.77

1.62

Figure 5.18 3D response surface model of air void content
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Figure 5.19 3D response surface model of stiffness
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Figure 5.20 3D response surface model of ITS
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Figure 5.21 3D response surface model of the CT e

As expected, with the increase of VBC and RAC, air void content decreases. Stiffness is mostly
influenced by RAC: if a fixed RAC is considered, it can be observed that stiffness does not show
significant variations when the VBC changes. In the case of I'TS, it depends on both variables: when VBC
decreases and RAC increases, I'TS decreases. Finally, the CTide is also mainly influenced by RAC, and it
is typically very poor for low RAC (below 0.25%), regardless of the VB content.

5.2.3 Model Adequacy

The ANalysis Of VAriance (ANOVA) represents a collection of statistical models used to analyse the
differences between two or more means. It allows the evaluation of the probability p to test the null
hypothesis and, consequently, the reliability of the model. In the ANOVA, the variation in the response
measurements is partitioned into components that correspond to different sources of variation. ANOVA
is also used when assessing the Lack of Fit (LoF) of a model. An LoF test is based on the components
of a partition of the sum of the squares in ANOVA, and it is used when replicate runs are available (i.c.
more than one observation of y at the same design point x).

When this procedure is used, it is expected that the mean square is significantly greater than the mean
square of the residual errors. Table 5.9 summarizes the decomposition of the sum of squares with the
corresponding degrees of freedom.

Table 5.9 ANOV A for significance and lack of fit, adapted from (Sarabia et al., 2020)

Source of variation Degtrees of freedom  Sum of squares  Mean square E
Regression p-1 SSr MSr MSg/MSg
Error or residual N-p SSk MSg
Lack of fit n-p SSior MSior MSyor/ MSpi
Pure error N-n SSpr MSpi
Total N-1 SSr

5.2.3.1 ANOVA Hypotheses
Hypotheses underlying the use of the ANOVA are as follows (George E.P. Box et al., 2005):
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e Data are normally distributed.
e The data set consists of independent values;

e The homoscedasticity (i.e. the variance of the groups) is the same as for the
population).

5.2.3.1.1.A Check of Normality Assumptions
A statistical analysis of the measured (empirical) values and regression residuals of each parameter
investigated were performed graphically and mathematically to check if it is reasonable to assume that
they are normally distributed. In Figure 5.22a and Figure 5.22¢, examples of the histograms of measured
stiffness and appropriate regression residuals are given, respectively, suggesting that the variables are
normally distributed. To evaluate their normality of the distribution (whether and to what extent the
distribution of the variable follows the normal distribution), normal probability plots (the deviations from
the mean) were also prepared. Examples of normal probability plots of measured stiffness and regression
residuals are displayed in Figure 5.22b and Figure 5.22d, from which it can be assumed that the data are
normally distributed. Finally, the Kolmogorov-Smirnov statistical test (Kottegoda & Rosso, 2008) was
applied to control if the random variable has a normal distribution, as specified earlier. The test was
performed under the following conditions:

e Hg the random variable (representing the measured values of air void content,
stiffness, I'TS, and CTiuex and their appropriate regression residuals) has a normal
distribution.

e H,: the random variable has a different distribution.
e Level of significance: «=0.05

e Ciritical region: The Dy 05 of each parameter is determined considering the number of
variables investigated, and these values are given in Table 5.10.

The observed values of the maximum absolute difference between the theoretical and step functions,
D,, are given in Table 5.10.

Table 5.10 A check of normality using Kolmogorov-Smirnov fest

Variable D.  Daoos  Decision

Measured values 0.194 0.25 D,< Duoos
Regression residuals  0.089  0.227  Da< Dagos
Measured values 0.097  0.264 Du< Daoos

Air void content

Stiffness Regression residuals  0.111  0.185  D.< Dagos
TS Measured values 0.117  0.25  Du< Duoos

Regression residuals  0.149  0.227  D.< Daoos
CTon Measured values 0.051  0.25 Du< Duoos

Regression residuals  0.036  0.227  D.< Dag0s

The D, values of each parameter are less than the critical values; so, the null hypothesis is not rejected,
i.e. random variables have a normal distribution.
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Figure 5.22 (a) Histogram and (b) normal probability plot for the measured values of stiffness and (c) histogram and
(d) normal probability plot for the residuals of stiffness

5.2.3.1.2. Independence of Residuals
In addition to the assumption that 800
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of zero, without an obvious pattern. Figure 5.23 The residuals vs. fitted plot of the stiffness

Figure 5.23 displays a plot of residuals versus the corresponding stiffness values predicted with the
developed model. Visually, the residuals are scattered randomly; so, it can be said that residuals are
independent of one another. However, it was necessary to mathematically confirm the absence of
dependence between the variables.

The correlation between two continuous variables was evaluated using the Pearson coefficient of
correlation, r. The coefficient values were calculated for each response considered (air void content,
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stiffness, I'TS and CTine), giving a value equal to zero in all cases, confirming that there is no correlation
between residuals and corresponding predicted values.

5.2.3.1.3. Heteroscedasticity Test
To determine if the heteroscedasticity is present in a regression analysis, the Breusch-Pagan test was used
(Breusch & Pagan, 1979). The appropriate hypotheses were:

e Hy: the error variances are equal (homoscedasticity — Figure 5.24a).

e H.: the error variances are a multiplicative function of one or more variables
(heteroscedasticity — Figure 5.24b).
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Figure 5.24 (a) Homoscedasticity and (b) heteroscedasticity residual plots

It was first necessary to calculate the Chi-Square test statistic, using Equation 3.9, and then to compare
it with the p-value associated with this test statistic.

X?=n-R%,, Egquation 3.9

where n is the number of observations, and R2,,, is the R square of the “new” regression, in which the
squared residuals are used as response variables.

The p-value of each data set was calculated and it is displayed in Figure 5.25. It can be concluded that
all p-values are greater than 0.05; so, the null hypothesis cannot be rejected. There is insufficient evidence
to conclude that heteroscedasticity is present in the proposed regression model.
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Figure 5.25 The p-values of the investigated parameters
5.2.3.2 Goodness of Fit

The reliability of the developed models was assessed by determining the coefficient of determination and

application of ANOVA to calculate the statistical parameters, F, and p-values. The results are shown in
Table 5.11.

The coefficient of determination (R?) is defined as:
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_ SSg 1 SSg
- SS,  SS;

where SSr is the sum of squares due to regression, and SSr is the sum of squares due to the errors.

R2 Equation 3.10

It represents the measure of to what extent the models explain experimental data. The coefficient of
determination normally ranges between 0 and 1, where higher values indicate that regression predictions
fit the data well. However, a large value of R* does not necessarily imply that the regression model is
satisfactory, meaning that there can be models with large R* that yield poor predictions of new
observations or poor estimates of the mean response (Sarabia et al., 2020).

To confirm the existence of a correlation between the response and the variables X, at least one of
the regression coefficients f,must be non-null. The appropriate hypotheses were:

o Hif=p=p==f=0
e Ha: 47 0 for at least one j
The test procedure was based on the partitioning of the adjusted total sum of squares (SSr) in a sum
of squares due to residual (SSk) and a sum of squares due to the model (regression) (SSg):
SSt =SS + S5k = Iiv=1(3’i -9+ Z?’:l(}A’L —¥)? Egunation 3.11
where y; are the observations, ¥, are the regression estimates, and Y is the sample mean.

If the null hypothesis was true, then SSz/c” is distributed as Xg_l, X2 with p-1 degrees of freedom.
Also, it is known that SSg/c”is distributed as X, ,%_p, and SSg and SSg, are independent; so, the statistic

SSR
-1 MS .
FF=E ==t Equation 3.12
SSE " msg
-p

is distributed as Fj1 x5, and the null hypothesis would be rejected at the significance level « if Fee exceeds
the critical value at level «, F.pin. In other words, the relationship is statistically significant at level o
(Sarabia et al., 2020).

Hypotheses were further checked by computing the probability P{Fp—1, N—p > Fcal}, called the p-
value, so that the null hypothesis can be rejected (the model is significant) at a significance level « if the
p-value is less than « (Sarabia et al., 2020).

Table 5.11 ANOV'A and Lack of Tit tables related to the models for air voids, ITS, Clindex and stiffness.

ANOVA (air voids) df* SS* MS* F* Fevie p-value R?
Regtession (21 degree) 5 41.4 8.28 11.59 2.661 1.43E-05 0.72
Residual 22 15.7 0.71
Lack of Fit 9 8.2 0.91 1.58 0.219
Pure error 13 7.5 0.58
Total 27 57.1
ANOVA (stiffness) df* SS* MS* F* Fsie p-value R?
Regression (2t degree) 5 29,185,106 5,837,021 47 .4 2.409 1.96E-17 0.83
Residual 48 5,907,461 123,072
Lack of Fit 9 1,790,311 198,923 1.88 0.084
Pure error 39 4,117,150 105,568
Total 53 35,092,567
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ANOVA (ITS) df* SS* MS* F* Ferie p-value R2
Regression (linear) 2 358,296 179,148 15.35 3.305 2.32E-05 0.50
Residual 31 361,811 11,671
Lack of Fit 9 127,836 14,204 1.52 0.196
Pure error 25 233,975 9,359
Total 33 720,107
ANOVA (CTindex) df* SS* MS* F* Ferie p-value R?
Regression (3t degree) 6 1,419 236.6 3.59 2.495 0.0096 0.44
Residual 27 1,781 66.0
Lack of Fit 9 356 39.5 0.50 0.856
Pure error 18 1,425 79.2
Total 33 3,200

* df=degree of freedom, SS=Sum of the Squares, MS=Mean Squares, F=55/MS

The F* values of each model developed (Table 5.11) are much greater than the critical values at a
level of 0.05; so, the null hypothesis can be rejected.

When considering the p-values of the selected regression models from Table 5.11, it can be seen that
models are significant at the customary 0.05 level; thus, the selected models (2™ degree for air voids and
stiffness, 3" degree of CTiue, and linear for ITS) explain the variance of the response well. Null
hypotheses can be rejected since there is no experimental evidence to reject the proposed models.

In two cases (air voids and stiffness), the coefficients of determination R* revealed a very good fit of
the selected models to the distribution of the real data. In the other two cases (ITS and CTinaex), which
have the R* as a bit less than 0.5, it was even mote important to go a step further in the statistical analysis
and compute the LoF to verify the appropriateness of the models.

5.2.3.3 Lack of Fit

A step further for evaluating the goodness of fit of the models was represented by the application of a
Lack of Fit (LoF) test. The Lol was computed to achieve a more precise evaluation of which part of the
total error is due to the regression and which was due to random error (Table 5.11). As repetitions for
each combination were available, LoF allowed the decomposition of the error into the pure error
(random) and error due to lack of fit:

SSg = SSpg + SS1or = Xi=1 Z?il()’ij -0+ Ziz Z;Li1(37l —9i)? Equation 3.13

where y;; is the observed response, ¥;; is the predicted response, and y; is the average observed
response.

If e is N(0,6%) and B,=0, it can be shown that (Sarabia et al., 2020):

SSLoF M
- LOF .
Ff = =—2 Egquation 3.14
N_PE MSpg
-n

After a while, standardized hypothesis test procedures in the lack of fit F-test were followed by
specifying the null and alternative hypothesis:

e Hj: The relationship assumed in the model is reasonable, i.c. there is no lack of fit in the
model.

e Ha: The relationship assumed in the model is not reasonable, i.c. there is a lack of fit in the
model.

The p-value was then calculated, which helps in determining the LoF as follows:
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e If the p-value is smaller than the significance level a (0.05), the null-hypothesis is rejected,
i.e. there is sufficient evidence at the « level to conclude that there is lack of fit in the model.

e If the p-value is greater than the significance level a (0.05), the null-hypothesis is not rejected,
i.e. there is not enough evidence at the a level to conclude that there is lack of fit in the
model.

As it can be observed from Table 5.11, all the p-values of Lol for all the models are greater than
«=0.05, meaning that the models assumed to predict the results are reasonable, and there is not enough
evidence at the o level to conclude that there is lack of fit in the model (a model fits well).

5.2.4 Validation of the Models

To validate the developed models and test their reliability, two additional mixtures were prepared
(Mix O; and Mix O, Table 5.12). The VBC and RAC in these mixtures have been selected using the
developed models so that the final mixtures have properties as close to the CM’s as possible. The
following criteria, which RAP50 should satisfy, were established:

1) Air void content: between 5% and 7%

2) Stiffness at 25 °C: greater than 3,500 MPa
3) ITS at 25 °C: greater than 1,000 kPa

4)  CTindgex: greater than 20

Two amounts of VB and RA have satisfied all these criteria (Mix Oq: 1.62% VB and 0.11% RA, and
Mix Oy 1.8% VB and 0.12% RA), and they are shown as points in Figure 5.26. The composition of the
mixtures, as well as the mixing and compaction temperatures, are given in Table 5.12. Four specimens of
each mixture were prepared according to Section 4.2 and their properties were evaluated. The obtained
results were further compared with values predicted from the developed models (Table 5.13).

Table 5.12 Componential materials of optimized RAP50 mixtures

Constituent [%o] Mix O1 Mix O2
Filler 0.5 0.5
s % 0/4 mm 16.6 16.5
PP 4/8mm 13.8 13.8
~ ¥ 8/16 mm 1.4 1.4
16/22 mm 16.0 15.9
§ RAPb* 2.34
X
2 Virgin 1.62 1.80
Recycling agent 0.11 0.12
0/11 mm 4
§ 11/22 mm 46
Total 50 |
Viscosity 135 °C 0.793 0.773
[Pas] 163 °C 0.259 0.248
Mixing temp. 162-168 159-165
Compaction temp. 143-149 141-147
Equation y =120.96e70037%  y = 128.81¢70-038

* Bitumen coming from RAP
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Figure 5.26 2D response surface models for (a) air void content, (b) stiffness, (c) ITS, and (d) CT

Table 5.13 VV alidation of the developed models by comparing predicted and measured properties of asphalt mixctures

Mixture Air voids [%0] ITS [kPa] CTIndex [-] Stiffness [MPa]
Predicted Measured Predicted Measured Predicted Measured Predicted Measured

Mix O1 7.7 6.2 1,092 1,028 21.3 22.7 3,935 3,971
Mix O2 6.0 6.4 1,113 1,000 21.3 23.8 4,077 3,630
Average

difference

between 12.3 8.0 9.3 6.0

predicted and

measured [%0]

The average difference between the values predicted using the models and the measured values does
not differ more than 13%; so, it is considered satisfactory for the application of the models.

Finally, it was necessary to determine the optimal VBC and RAC in the final RAP50 mixture. As both
mixtures used for model verification have shown comparable properties with the CM, the mixture with
less bitumen (Mix Oy) was selected as a reference RAP50 mixture, and its structure is displayed in Figure
5.27. This amount of bitumen has been selected considering two aspects: on one side, the lower quantity
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allows the conservation of economic resources, and on the other side, a high content could enhance the
mixture properties. Testing the worst-case scenario ensures staying on the safe side.

e Rl - 3 ‘. _t : . 4%

Absorbed
birumen

Figure 5.27 Structure of the designed RAP50 mixcture
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Chapter 6. Experimental Results and Discussion

After the development of the mix design procedure of the hot asphalt mixture with 50% RAP (denoted
as RAP50), testing specimens were prepared, and their properties were compared with the properties of
the control mixture (CM) and the HMA with 15% RAP (RAP15) according to the experimental plan
displayed in Figure 6.1.

The following properties of each mixture were determined:
1) Stiffness
2) Cracking resistance — Cracking Tolerance Index — CTinaex (IDEAL-CT)
3) Water sensitivity
4) Freeze-thaw resistance (repeated Lottman test)
5) Fatigue resistance

6) Resistance to permanent deformation

( Filler )
I o Y | it et o |
[ Virgin aggregate ].\ irgin bitumen |
I
i

!

I

: CM Y=  36% |
I I

15% & RAP15

I
RAP50 W= 162% ]!

T i L5

i ot |

i Mixctures” performance

EN 12697-5/6/8 EN 12697-12 AASHTO T283

| Volumetric Water Freeze-thaw
properties sensitivity resistance
EN 12697-22 | EN 12697-26 | EN 12697-24 ASTM D8225
REtltiug Seifihon F:Iuigm: N Cracking E
resistance resistance Tolerance Index |

Figure 6.1 Experimental plan of the mixctures’ characteristics

6.1 Stiffness

The testing procedure, described in Section 4.3.4, was applied to each of the four testing specimens of
every mixture. Testing results (average values and standard deviations) are displayed in Figure 6.2, from
which it can be seen that at each testing frequency at 5°C and 10°C, the RAP15 mixture has the highest
stiffness, the CM, slightly lower, and the RAP50, the lowest. At 20°C, the RAP15 still has the highest
stiffness modulus, whereas the CM and RAP50 mixtures have changed places; so, the CM has the lowest
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stiffness. At testing temperatures of 30°C and 40°C, the order is different than at previous temperatures:
the RAP50 mixture has the highest stiffness, the RAP15 has slightly lower, and the CM has the lowest.
Various stiffness of the RAP50 mixture depending on the testing temperature is a consequence of the
high RAPb content (that is probably modified, as discussed in Section 4.1.4), which has a dominant
impact on binder viscosity, especially in the domain of high temperatures.

5@ 10°C 20°C 30°C 40°C
25,000
EZOOOO
E‘ b
§15,000
b=
o 10,000
= CM 0 ii Ii i! IE lz lz
m RAP15 I I I I E E E E E E E ow ow ow ow
apy 2 ® 2 ¥ ® 2 % = 2 ¥ @ 2 8 = =
P50 o) S\ S\ o) IS\ i o) IS\ IS\ o) IS\ i 3 IS\ i

Figure 6.2 Stiffness modulus from IT-CY fest at T=5°C, 10°C, 20°C, 30°C and 40°C and [=3.98, 2.51, and
2.00 Hy

The obtained testing results were further used for the construction of master curves to predict the
linear viscoelastic behaviour of the asphalt mixtures outside the testing range. Master curves were
constructed using a modified version of the master curve equation (Witczak & Bari, 2004):

_ . Log(Max)-log(Min) .
log|E| = log(Min) + o Fiyio wr Eguation 4.1

where: | E| is the stiffness modulus [MPa], w,is the reduced frequency [Hz|, Maxis the limiting maximum
modulus [MPa], Miz is the limiting minimum modulus [MPa], and § and p are the fitting parameters [-].

The reduced frequency was computed using the Arrhenius equation:

AEA (1 1 .
lOg(l)r = loga) + To14714 (; - T_r) Egquation 4.2
where: w,is reduced frequency at the reference temperature [Hz], wis the loading frequency at the test
temperature [Hz], T, is the reference temperature [°K], T is the test temperature [°K], and AEA is the
activation enetgy (treated as a fitting parameter) [kJ/mol].

Figure 6.3 displays the principle of master curve construction (CM) for a reference temperature of

20°C, whereas Figure 6.4 and Figure 6.5 display the resulting master curves of the RAP15 and RAP50
mixtures.
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Figure 6.3 The principle of master curve construction and resulting master curve of the CM
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Figure 6.4 Master curve of the RAP1S5 mixture
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Figure 6.5 Master curve of the RAP50 mixcture

The impact of both RAP and RA on the stiffness of the asphalt mixture can be seen from Figure 6.6
and Table 6.1. In the domain of low testing frequencies (i.e. testing temperatures above 20°C), the CM
and RAP50 mixtures have approximately the same limiting stiffness value (Enis), whereas the RAP15
mixture is slightly stiffer. The effect of high RAPb content on the stiffness of the RAP50 mixture is
compensated with the addition of RA and VB, which significantly decrease the final stiffness and may
have a positive impact on low-temperature cracking resistance (Marasteanu et al., 2004). When
considering the domain of high frequencies (i.e. testing temperatures below 20°C), the RAP15 mixture

unexpectedly has much a lower stiffness than the CM.
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Figure 6.6 The master curves of the tested asphalt mixctures
Table 6.1 Fitting parameters of the master curves
Parameter Unit Mixture
Aramete CM RAP15  RAP50
log(Emas) MPa 4.652 4.529 4.520
log(Emin) MPa 1.705 2.388 1.678
B - -0.687 -0.551 -0.911
Y - -0.685 -0.858 -0.657
AEA kJ/mol 168,565 164,513 143,063

6.2 Cracking Resistance (IDEAL-CT)

To have specimens with comparable air void content, Marshall specimens with air void content of
710.5%, whose I'TS had been previously measured (at a testing temperature of 25°C and loading rate of
50 mm/min), were selected for the calculation of the CTinaex. Some of the testing specimens, compacted
with various compaction energy, belonged to dry subsets used for the determination of water sensitivity
or freeze-thaw resistance or to specimens prepared for stiffness measurement.

Figure 6.7 presents average load vs. displacement curves of the investigated mixtures.

18

—CM
15 —RAP15
—RAP50
12
= 9
5]
3
6
3
0
0 1 2 3 4 5 6 7 8

Displacement [mm)]

Figure 6.7 Load vs. displacement curves of the investigated mixtures

It can be seen that the RAP15 mixture achieves the highest strength due to the presence of RAP
without the presence of RA; the slope of the curve after the peak load was much steeper compared to
the other two mixtures, leading to the lowest CTinax value (Table 6.2), showing that the RAP15 mixture
is the most brittle. The other two mixtures, CM and RAP50, have similar peak loads, fracture energy, and
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curve slopes, resulting in nearly the same CTinex values, approximately three times higher than the RAP15
mixture. Despite the presence of high RAP content in the RAP50 mixture, its performance is comparable
with CM due to the presence of RA. The opposite conclusion can be drawn for the RAP15 mixture,
where spent fracture energy is higher when compared with other mixtures due to the absence of RA.
Since that higher CTiuex value leads to the higher cracking resistance of the asphalt mixture, it can be
concluded that the newly designed RAP50 mixture has nearly the same cracking resistance as the CM
and much better than that of the RAP15 mixture.

Table 6.2 CT.. values of the investigated mixtures

. CTindex
Mixture - Fracture energy [J/m] - Slope —3=0 o g0 3 Geviation 4] COV [%4]
CM 5,264 5.1 31.9 9.0 282
RAP15 6,235 14.4 10.9 2.2 20.1
RAP50 5,231 6.2 29.2 9.3 317

6.3 Water Sensitivity
After testing both sets of specimens following the explanations given in Section 4.3.2, the ITS of each
specimen was calculated according to EN 12697-23:2017 using Equation 2.1.

The water sensitivity of the asphalt mixtures is expressed through the indirect tensile strength ratio
(ITSR) of the I'TS of each of the wet and dry sets of specimens, according to the equation:

ITSR =% 100 Equation 4.3
ITSg

where: I'TSR is the indirect tensile strength ratio [%], I'TS, is the average indirect tensile strength of the
wet group |kPa], and ITSuy is the average indirect tensile strength of the dry group [kPa].
The average ITS values of the dry and wet subsets of each mixture, their standard deviations, and
their coefficients of variation are given in Table 6.3 and graphically displayed in Figure 6.8.
Table 6.3 Average values and standard deviations of measured ITS values and their ITSR
ITSDRY ITS\&ET ITSR

Mixture Condition [P [Pa 7]

Average 905.0 936.2
CM Standard deviation 48.5 71.4 103.4

COV [%] 5.4 7.6
Average 983.2 1,059.9 107.8

RAP15  Standard deviation 83.8 15.6 ’
COV [%] 8.5 1.5
Average 1,117.5 946.5

RAP50  Standard deviation 105.8 101.4 84.7
COV [%] 9.5 10.7
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The average ITS values of dry sets

, . 1400 120
increase as the RAP content increases,
regardless of the presence of RA. The 1200 100
ITSpry values of the RAP15 and RAP50
mixtures increased by 8.6% and 23.5%, 1000 80
respectively when compared with the CM.  — 800 T
Additionally, the 15% RAP mixture R =
. ; = 60 e
increased its ITSwer value by 13.2% = ¢no n
compared to the CM, and the addition of H 40 B
50% RAP slightly increased it (by roughly 400
1%).
o . 200 20

Considering the I'TSR values, it can be

seen that the addition of 15% RAP has no 0 0

RAP50

impact on the water sensitivity of the
MDry MWet @ITSR

asphalt mixture. The water even increased
the ITS of the specimens, causing I'TSRs
higher than 100%. This increase is a
consequence of the pore pressure that appears when water is trapped between asphalt particles.
Alternatively, the addition of 50% RAP decreased the ITSR by roughly 20% when compared to CM and
RAP15 mixtures. This decrease may be due to highly aged RAPD that lost its cohesive properties over
time and, additionally, due to the impact of water. However, all mixtures satisfy the minimum criteria
proposed in EN 13108-1:2016 (60%) and the requirements from the General Specification for Road
Construction of Public Enterprise Roads of Serbia (70%).

Figure 6.8 Testing results of the water sensitivity test

6.4 Freeze-Thaw Resistance

The freeze-thaw resistance of asphalt mixtures due to damage caused by the stripping of the bitumen in
laboratory conditions was determined by applying the I'TS test to specimens prepared according to ASTM
D4867-2014, as described in Section 4.3.3. After the calculation of the I'TS of each testing specimen from
all subsets, the average values of these subsets were determined, and the tensile strength ratio was
calculated according to the following equation:

TSR, = 2% 100 Egquation 4.4

td

where TSR, is the Tensile Strength Ratio [%0] after 7 cycles (three or six), S is the average indirect tensile
strength of the freeze-thaw conditioned subset [MPa] after 7 cycles (three or six), and Sqis the average
indirect tensile strength of the unconditioned (dry) subset [MPa].

Table 6.4 Testing results of the freeze-thaw resistance test

. . Sia Sims Sims TSR; TSR,
Mixture Condition [icPa] [icPa] [icPa] 7] ]
Average 1,186.8 690.0 528.7
CM Standard deviation 79.20 54.0 85.0 58.1 44.5
COV [%] 6.7 7.8 16.1
Average 1,531.4 1,198.9 896.4 283 585
RAP15 Standard deviation 64.3 116.8 51.3 ’ '
COV [%] 4.2 9.7 5.7
Average 971.7 798.7 607.7
RAP50  Standard deviation 36.1 56.7 51.2 82.2 62.5
COV [%] 3.7 7.1 8.4
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The average ITS values of the unconditioned set of each mixture and after three and six conditioning

cycles, as well as the TSRs, standard deviations, and coefficients of variations, are displayed in Figure 6.9
and Table 6.4.
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® Unconditioned M3 freeze-thaw cycles O6 freeze-thaw cycles @ TSR

Figure 6.9 Testing results of the freeze-thaw resistance fest

Figure 6.9 illustrates that the RAP15 mixture has the highest tensile strength in each condition due
to the presence of only RAPb. Alternatively, the RAP50 mixture has the lowest tensile strength because
of the impact of RA and due to a slightly higher air void content than the other two mixtures (by
approximately 0.5% — see Appendixes IV and VI). When comparing mixtures in different conditions,
the unconditioned subset of the RAP15 mixture has a higher tensile strength than the CM and RAP50
mixtures by 30% and 58%, respectively. After the application of three freeze-thaw cycles, that difference
becomes significantly higher — 74% and 50%, respectively, whereas after three more cycles (six in total)
the differences remained similar (around 70% and 48%).

Considering the TSR values, the negative impact of freeze and thaw is most conspicuous in the case
of the CM, which has approximately 20-24% lower values after three freeze-thaw cycles than both RAMs
and 24-28% lower values after six freeze-thaw cycles. When comparing the RAMs, it can be concluded
that the TSR values are approximately the same, regardless of their RAP content; however, RAP may
improve freeze-thaw resistance. Since the acceptable TSR value after only one freeze-thaw cycle is 70%
(Wang et al., 2018), it can be concluded that both RAMs with RAP satisfy this criterion.

6.5 Resistance to Permanent Deformation

The testing of resistance to permanent deformation (rutting resistance) was performed following the
procedure described in Section 4.3.7. Rut depth has been measured during the test, and obtained results
are further used to calculate the wheel-tracking slope (Equation 4.7) and mean proportional rut depth,
which represents the ratio of the measured rut depth to the thickness of the tested specimen. The
evaluation of the proportional rut during the test is displayed in Figure 6.10, and the summarized testing
results are given in Table 6.5.

WTSyg = (dloLs_ds'OOO) Egquation 4.5

whetre WTSan is the wheel-tracking slope [mm/ 10’ loading cycles] and dswoand diogo are the rut depths
after 5,000 and 10,000 loading cycles [mm].
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Table 6.5 Results of the wheel-tracking test

Mixture RDaw PRDamr WTSar

[mm] [%o] [mm/10’ load cycles]
CM 3.92 5.5 0.10
RAP15 3.00 42 0.08
RAP50 3.2 4.5 0.10

Loading cycles [-]
0 1,000 2,000 3,000 4000 5000 6000 7,000 8000 9,000 10,000
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Figure 6.10 Proportional rut depth of the asphalt mixtures

The testing results show that the addition of only RAP improves resistance to permanent
deformation. The amount of 15% RAP decreased PRDar by 21.8%, whereas the addition of 50% RAP
and RA decreased it by 16.2%, compared with the CM. Wheel-tracking slopes are similar for all mixtures
tested, around 0.10 [mm/10’ load cycles]. Since the use of too much RA can reduce mixture stiffness and
possibly cause a problem with rutting resistance, it is essential to select an optimum content to achieve a
certain criterion. The mix design methodology developed in this study shows that the selected RA and
VB contents are appropriate when considering resistance to permanent deformation.

6.6 Fatigue Resistance

The fatigue resistance of each mixture was determined according to the testing procedure described in
Section 4.3.6. The energy ratio (ER) approach, introduced by (Hopman et al., 1989), is used to estimate
the fatigue life of every testing specimen. Within the ER approach, the failure in a strain-controlled mode
is defined as the number of loading cycles (N¢) at which cracks are considered to initiate. The energy
ratio is defined as:

nW, _ n[mog€psingg]

R = Eguation 4.6

Wn TORERSINPy

where 7 is the number of loading cycles, W, and IV, are the amounts of dissipated energy in the first and
nth cycles, gpand g,are the stress levels in the first and nth cycles, ¢,and ¢, are the strain levels in the first

and nth cycles, and ¢pand @, are the phase angles in the first and nth cycles.

The simplified version of the Equation 4.6 for calculating the energy ratio (R:) was developed by

Rowe (1993), who considered strain as a constant during the strain-controlled test and replaced stress
with the product of the strain and modulus:

Re

R

SES

Egquation 4.7

where n is the number of loading cycles, and E’, is the complex modulus in the nth cycle [MPa].

Similarly, Equation 4.6 was simplified for calculating the energy ratio (Ry) in a stress-controlled test,
where the load amplitude remains constant, and after crack initiation, the stress at the crack tip increases
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rapidly. In this case, the number of cycles leading to failure, Ngy, can be visually determined from the
peak value of the R, curve (Figure 6.11) or using the following equation:

R, = nE, Equation 4.8
whete n is the number of loading cycles, and E’, is the complex modulus in the nth cycle [MPa].

The results from the individual test were further fitted and presented in the form of a power (fatigue)
function:

lg(Ni_j'k) =Ay+ A 1g(€)) Equation 4.9

where i1is the specimen number, j is the chosen failure criteria (ER), k is the set of test conditions (20°C
and 2 Hz), i is the initial strain amplitude measured at the 100th load cycle (um/m), Al is the slope of
the fatigue line, and A0 is the fitting parameter.

Figure 6.11 displays an example of the Ry evaluation for the testing specimen 3-1 of the control
mixture and the resulting fatigue line for CM. The fatigue lines of the two remaining mixtures, RAP15
and RAP50, were determined in the same way, and their fatigue lines are presented in Figure 6.12 and
Figure 6.13. The ranking of the asphalt mixtures regarding the fatigue resistance is based on the strain
amplitude value e, whereby a fatigue life of 10° cycles is obtained. The resulting regression coefficients
of fatigue lines, coefficients of correlation, and calculated values are given in Table 6.6.

Table 6.6 Regression coefficients of the fatigne lines

Mixture Ao A R €6

[-] [-] [-] [um/m]
CM 15.46 529 0.942 61.6
RAP15 15.01 504 0.956 61.2
RAP50 14.97 490 0.957 67.8

. Specimen: CM 3-
6.E+08 pecimen: CM 3-1 1000

Loading force: 8500 N

: m
! = lg(N,.)=15.46-5.29:]
I Z(Npd =13.406-5.21g(z,)
— o 2 R7=0.941
— 3. E+08 = 5100
o] =1 »
m E: —'Niilzfil.f\{_ """"""""" T s R A N | A
S i i
N = l |
1 : I
0.E+00 \ M1y - 10 Ll 1 Nears 1.00 I\
0.E+00  3.E+04 [6.E+04 1.LE+03 1LLE+04 1LE+05 | LE+06
e 1 o e e B B B 0 A O B J
Number of loading cycles [-] Number of loading cycles [-]

Figure 6.11 R ; evaluation in the fatigne test of the testing specimen CM 3-1 and the fatigne line of the CM
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Figure 6.12 Fatigue line of the RAP15 mixture
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Figure 6.13 Fatigue line of the RAP50 mixture

Figure 6.14 shows all the fatigue lines in the same plot. As this graph shows, the fatigue line of the
RAP15 mixture almost completely overlapped with the fatigue line of the CM, resulting in the same &4
value. The RAP50 mixture shows the best performance, with the fatigue line of a similar slope as the
other two mixtures, but with a 10% higher &5 value. Based on this, it is concluded that RAP50 mixture is
propertly designed and that it meets the desired fatigue resistance performance.

1
0
=
£
g
@
I
E
0 ——RAP50 =——RAP15 ——CM
1.E+03 1.E+04 1.E+05 L.E+06

Number of loading cycles [-]
Figure 6.14 The fatigue lines of the tested mixtures
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Chapter 7. Conclusions and Recommendations for Further Research

7.1 Summary

The use of reclaimed asphalt pavement in new asphalt mixtures is becoming a routine practice around
the wortld, especially in developed countries. For example, only 1% RAP is sent to landfills in the USA,
whereas in Japan, they have just started to use a second cycle of recycling (the reuse of already recycled
asphalt mixtures). In Germany, Austria, Spain, France, and the Netherlands, more than 70% of the
available RAP is used for hot and warm mix asphalt production, where it is used, up to 100%, in new
RAM (for instance, in Germany). Together with the positive impact on RAM properties (e.g.
improvement of rutting resistance, water sensitivity) and CO, emission reduction, under certain
conditions, RAP has a great potential to completely replace new materials in asphalt mixtures. However,
there are still many limitations against the use of 100% RAP in RAM, some of which are related to the
activation of aged binder from the RAP and its blending with a recycling agent (RA). These limitations
have been extensively investigated in previous studies.

Although blending phenomena, occurring when RAP is used, have been the research topic of many
studies, their clear explanations and definitions have not been established. Likewise, testing methods for
their determination have not been uniquely accepted. In the first, theoretical part of the study, the
definitions and formulations of two newly introduced terms were included: Degree of Binder Activity
and Degree of Binder Activity. The formulation of the Degree of Blending is not provided due to its
complexity, but this study provides its formulation, as well as the correlation with the other two
parameters. Testing methods, which have been used in previous studies for determining these parameters,
were investigated in detail, and recommendations for their usage are proposed.

It is known that RAP, by itself, is a very heterogeneous material with diverse properties that vary
from source to source, mostly depending on the RAPb type and content and aggregate characteristics. It
may also influence the optimal preheating temperature of the RAP — if the RAPD is too stiff, the
preheating temperature will be high and opposite — RAP with soft bitumen will need lower preheating
temperature. As a procedure for the determination of optimal preheating temperature is not yet
established, in the second part of the study, a new and easy-to-perform procedure was developed, which
may also assess the impact of RA addition on the preheating temperature using samples compacted in a
gyratory or Marshall compactor. It was developed by evaluating certain fundamental properties of the
mixtures (air void content, stiffness, indirect tensile strength, and CTiney). Tests have been performed on
100% RAP specimens prepared in a Marshall compactor with 50 blows per side and in a gyratory
compactor with 30 gyrations, after preheating the RAP at different temperatures. The obtained results
have been analysed and used to apply a probabilistic optimisation method to determine the optimal
preheating temperature of RAP with and without RA. In the same part of the study, the DoA of RAP
was estimated depending on the test method and preheating temperature.

Traditional mix design methods (Marshall, Superpave, etc.) may not be appropriate when high RAP
content is used, because they are mostly based on volumetric and basic mixture properties (flow, stability);
so, the impact of different RA and RAP content on mixture performance cannot be easily isolated. Due
to these facts, a previously determined optimal preheating temperature was used as an input in the
development of the mix design procedure of HMA with high RAP content. The optimal contents of RA
and VB in RAM with 50% RAP were determined considering the following properties: air void content,
stiffness, indirect tensile strength, and CTingex.

101



Oreskovic D. Marko — Mix Design Methodology of Hot Mix Asphalt with High Content of Reclaimed Asphalt Pavement

Finally, to assess if the RAM with 50% RAP was propetly designed, its properties (water sensitivity,
freeze-thaw resistance, stiffness, fatigue resistance, and resistance to permanent deformation) were
evaluated and compared with the properties of the control mixture, composed of all virgin materials, and
a mixture with 15% RAP. Testing results showed that the developed mix design method ensures an RAM
with properties comparable to both mixtures.

7.2 Conclusions

The main objective of this research study was to develop a mix design methodology of hot mix asphalt
with a high content of reclaimed asphalt pavement (50%), i.e. to determine the optimal content of VB
and RA in new RAM.

After the characterisation of componential materials, a procedure for determining the optimal
preheating temperature of RAP and investigating the potential benefits of the RA addition in decreasing
the RAP preheating temperature is shown in the study. The results showed that the preheating
temperature of reclaimed asphalt pavement has an important role during the manufacturing process of
RAM. On one hand, a too-low temperature does not allow the reactivation of the aged bitumen coming
from RAP, whereas, on the other hand, a too-high temperature causes the over-ageing of the RAPb; so,
it is important to preheat the RAP as much as necessary to obtain the best possible properties of RAPb.
Moreover, based on the obtained results, the following conclusions can be drawn:

e The optimal preheating temperature for the RAP used in the study, resulting from the
optimisation method, was approximately 130°C, regardless of the method of compaction.

e The addition of RA decreased the preheating temperature by 7.2°C and 14.5°C when considering
Marshall and gyratory compacted specimens, respectively.

e Additional benefits can be achieved when RAs (i.e. lubricants or rejuvenators) are used because
the optimal preheating temperature decreases; consequently, potential benefits arise, such as
reduced energy consumption and CO2 emission.

After the determination of the optimal preheating temperature of RAP, the mix design methodology
of RAM, in this case base course mix, with 50% RAP was developed. In the first stage, seven asphalt
mixtures with different RA and VB contents (0.10-0.35% and 0.9-1.8% of the final binder content,
respectively) were prepared according to Dochlert experimental design. The properties of each mixture
(air void content, stiffness, indirect tensile strength, and CTiuaex) have been determined, and the obtained
results were used to develop predictive models of each parameter tested. The relative effect of the factors
(linear, second and third degree, and interaction terms) and the statistical significance of the developed
models have been evaluated by calculating the coefficient of R* and applying the ANalysis Of VAriance
(ANOVA) and Lack of Fit (LoF). The student’s t-test was used to test the significance of individual
regression coefficients on each proposed model, and finally, a correlation between investigated properties
and the amounts of RA and VB was explored using Response Surface Methodology (RSM). In the second
stage, the developed models were validated by preparing two additional mixtures that had properties as
close to the control mixture as possible. These mixtures contained 1.62% VB and 0.11% RA and 1.80%
VB and 0.12% RA, respectively. The first mixture was selected for a final RAP50 mixture. Considering
the testing results, the following conclusions are drawn:

e A linear model was found to be appropriate for the description of the indirect tensile strength.
The third-degree model was found to be appropriate for the description of the CTinges, Whereas
the second-degree model best described the air void content and stiffness of the RAM mixture
with 50% RAP, depending on the RA and VB content.

e The developed models were validated with two additional mixtures. The average difference
between the values predicted using the models and the measured values of the additional mixtures
did not differ more than 13%; so, it is considered satisfactory for the application of the models.
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e The designed RAP50 mixture had around 50% less virgin aggregate and 2% less virgin bitumen
than the CM (which contained 3.6% VB); that, with the addition of only 0.11% RA, may lead to

benefits in terms of economy and environmental protection.
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i
| . | temperatures
| Component materials | (70170 °C)
I .
1 . | 1 * Four specimens at each
! Filler | temperature
| V1rg1n aggregate I : * Gyratory or Marshall
: . - X compactor
T Vlrgm bitumen 1 * Air void content, stiffness,
Characterisation P ! Recvcli : I'TS and Crjpgc,
9 ecycling agent . ilisti imizati
of the materials : y g ag : Protl;alzllhstlc optimization
. metho
; Reclaimed :
: Asphalt ! > Optimal preheating
! [ ! temperature of RAP )
1 -
1 -
1 -7
1 -7 * RAP preheated at optimal
S~e e ___ -7 temperature

* Seven mixtures with
different RAC and VBC

* Four specimens of each
mixture

¢ Air void content, stiffness,
ITS and Ct, 4.,

* Development of the
response models

* Selection of the optimal
VBC and RAC according to
established criteria for
investigated parameters

Mix design
procedure

A

Mixture
performance

* Rutting resistance
* Fatigue/cracking

resistance

Optionally:
* Low temperature
cracking

Figure 7.1 Schematic plan of the mix design methodology of hot mix asphalt with a high content of reclaimed asphalt
pavement

Finally, it was necessary to evaluate the properties of the designed mixture to determine the properties
that were not included in the mix design procedure. The obtained properties were then compared with
the same properties of the CM and the RAP15 mixture, which was selected as the most commonly used
RAM. Testing results are given in Table 7.1, from where it can be seen whether RAMs behave better,
similarly, or worse than the control mixture.

Testing results from this study show that the RAM with 50% RAP has better freeze-thaw, fatigue,
and rutting resistance than the control mixture, whereas its cracking resistance is almost the same. When
considering water sensitivity and stiffness, the RAP50 mixture has inferior or diverse properties,
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respectively, compared to the control mixture. Overall, it can be concluded that the mix design
methodology developed in this study, with the schematic plan displayed in Figure 7.1, ensures the
production of high-RAP mixtures with comparable properties to the control mixture, although the DoA
was not considered.

Table 7.1 Comparison of RAMS’ properties with the properties of the CM

Mixture

Properties
RAP15 RAP50

Stiffness 3
Water sensitivity
Freeze-thaw resistance

Cracking resistance IDEAL-CT)

Fatigue resistance

> @l =
D[] = ¢

Resistance to permanent deformation

f Indicates an improvement of a certain property when compared to the CM
‘ Indicates a worsening of a certain property when compared to the CM

f‘ Mixed results when compared to the CM

== Similar properties to the CM

7.3 Recommendations for Further Studies

The research work performed in this study can be divided into three parts: 1) methodology for
determining the optimal preheating temperature of RAP, 2) mix design methodology of HMA with high
RAP content, and 3) properties of asphalt mixtures.

Further studies should include the following recommendations to verify the effectiveness of the
developed methodologies:

1) Methodology for determining the optimal preheating temperature:

Since RAP is very heterogeneous material, different RAP sources should be used.

Many products have been used as RAs (waste oils, industrial rejuvenators, Styrene-
butadiene rubber, soft bitumen, bitumen emulsions, etc.); so, the proposed methodology
should be applied to RAP with different amounts of various RAs to assess the method’s
sensitivity.

Different levels of compaction energy should be applied (i.e. number of gyrations).

Proposed testing methods can be performed at additional temperatures, or additional
testing methods can be included, while still keeping the developed methodology simple
to perform.

2) Mix design method of HMA with high RAP content:

RAP, aggregate, and bitumen coming from different sources should be used.
Different RAP contents should be applied in HMAs.

The trigger values of the proposed testing methods should be established (e.g. minimum
I'TS value, minimum/maximum stiffness).

Additional testing methods can be included (e.g. chemical test of a binder blend, tests in
the low-temperature domain).

The software for determining the optimal RA and VB contents can be developed based
on the findings from this study.
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3) Properties of asphalt mixtures:

Previous studies have shown that asphalt mixtures with high RAP content are more
sensitive to low-temperature cracking; so, additional tests should be carried out in the
domain of low temperatures.

The interaction between the VB and RAPD, together with the diffusion process, has an
important impact on mixture performance; so, the performance of RAMs with high RAP
content should be investigated after long-term ageing.

The life-cycle cost analysis of RAMs with different RAP, RA, and VB contents,
considering different levels of DoA, DoAv, and DOB, should be performed to assess the
impact of these mixtures on the environment.
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Appendixc | — Particle Size Distribution and Binder Content of RAP Fractions

Appendix I — Particle Size Distribution and Binder Content of RAP

Fractions
Fraction [mm|]

Properties Unit Standard 0/11 0/11 11/22 11/22
black white black white
curve curve curve curve

Particle size distribution Average passing percentage (standard deviation)
0063  mm 0.1 (0.0) 13.0 (0.5) 0.0 (0.0) 8.3 (0.4)
009  mm 0.3 (0.1) 14.7 (0.6) 0.0 (0.0) 9.3 (0.4)
025  mm 1.8 (0.2) 23.7 (0.6) 0.3 (0.0) 14.7 (0.6)
071  mm 8.0 (0.6) 36.4 (0.8) 0.6 (0.0) 22.7 (0.9)
2.0 mm 23.8 (2.6) 53.3 (1.1) 0.8 (0.0) 32.0 (1.4)
Sieve size [mm] 4.0 mm BN 933-1:2012 458 (24) 69.5 (1.2) 1.0 (0.1) 39.8 (1.6)
8.0 mm 86.2 (1.2) 94.3 (0.6) 2.8 (0.4) 52.1 (1.4)
112 mm 100.0 (0.0) 1000 (0.0) 252 (3.5) 73.3 (2.8)
160  mm 100.0 (0.0)  100.0 (0.0)  80.9 (2.8) 95.5 (1.6)
224  mm 100.0 (0.0) 1000 (0.0)  100.0 (0.0)  100.0 (0.0)
3.5 mm 100.0 (0.0)  100.0 (0.0)  100.0 (0.0)  100.0 (0.0)
et e BT 1502
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Appendixc 11 — Mix Design and Resistance to Permanent Deformation of the Control Mixcture

Appendix II — Mix Design and Resistance to Permanent Deformation
of the Control Mixture

Marshall mix design procedure of the control mixture

Voids  Voids in

Bitumen  Bulk  Maximum ' filled the . Stiffness
, . void . , Stability Flow
No. content  density density with mineral (S/F)
: content

bitumen aggregate

0] Mg/m’]  [Mg/m’]  [%] (o] o] [kN]  [mm] [kN/mm]

1 3.0 2.393 2.590 7.6 48.5 14.8 11.5 2.2 52
2 3.4 2.408 2.573 6.4 56.0 14.6 11.4 2.3 5.0
3 3.8 2.421 2.556 53 63.5 14.5 10.6 2.4 4.4
4 4.2 2.430 2.540 4.3 70.1 14.5 9.6 2.6 3.8
5 4.6 2.429 2.524 3.8 74.7 14.9 8.2 2.7 3.0

Resistance to permanent deformation of the control mixture

) Air void
. 0 . 3 .
Specimen RD.ir [mm] PRD.i: [%0] WIS, [mm/103 load cycles] content [%]
1-1 4.32 6.1 0.11 4.1
1-2 6.41 9.0 0.22 4.1

Loading cycles [-]
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000

$0.0
51.0
22,0
< 3.0
Sl

Té 4.0
3 5.0
6.0
7.0

~8.0
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Appendixc 111 — Fourier Transformation

Appendix III — Fourier Transformation

The full-length measured signal of 300 ms is shown in Figure A-1. Since the evaluation is carried out in
the frequency domain and the signal is periodic, only one period of the signal is considered (Figure A-1).
Given that the sampling frequency of the signal is Fy = 714 Hz, the number of data points N within one
petiod, T'= 3s, is 2412.

10
z
=
g O ‘
o
=
0 : :
0 5 10 15
Time [s]
Figure A-1 Measured signal — full length
10
z
==
8
S
=
U L L L L 1
0 0.5 1 1.5 2 2.5 3

Time [s]
Figure A-2 Measured signal — one period

The representative frequency is obtained by using an energy approach. First, the Power Spectral
Density (PSD) of the signal s(#), displayed in Figure A-3, is calculated as:

1
PSD:@|S(f)|2 Equation A.1

where S(f) is a Fourier Transformation of the signal s(z). Since s(#) is not a continuous function but a
discrete one, S(f) is obtained by using a Discrete Fourier Transformation:

N-1
S[Nn ] _ ZS(kTs Ye 2PN = 0,1, N -1 Equation A.2

N k=0

where Ts=1/Fj is the sampling period.

120



Appendisc LI — Fourier Transformation

PSD [kN? 5]
iI

10' 10
f [Hz]
Figure A-3 Power Spectral Density (PSD) of the signal

To simplify the evaluation, 1/3 octave band analysis is introduced. The energy level of the signal in
decibels, L, is given as the ratio of the average value of PSD over 1/3 octave bands, Af, and the sensitivity
of the device, a,y= 10 kN:

PSD-Af
a

L=10-log Equation A.3
ref

The bandwidth of the 7’ band, Af is defined as:

N =f" —fl.l Equation A.4
where the lower, £, and the upper, £/, limits of the 7 band are given as:

1

1= 217f;‘, fr=2"fr Equation A.5

and the centre frequency of the 7 band, £}, is given in terms of the centre frequency of the (;-7)” band:
A =2 A Equation A.6

The 1/3 octave bands are obtained for the frequency bandwidth [Fs/N, Fi], assuming that 1000 Hz
is a centre frequency. The energy level, L, is displayed in Figure A-4.

The representative loading frequency, fz, is calculated as the centre frequency of the -3dB band of the
energy level L. The -3dB band represents the bandwidth of L that contains frequencies higher than 50%
of the highest frequency of PSD. Since f is the centre frequency of the band, according to Equation A.5
it could be calculated as

fo=Af Equation A.7

Therefore, fi, is equal to 2 Hz.

Comparably, for the signal length of 125 ms, fr equals to 3.98 Hz, and for the signal of 200 ms, 2.51
Hz.

N rrrrrYrrY7Yrr77 77T TTTTTTTTTY

- -

-3dB band

YY) L W T S AT W A TS O WA WA S T O WA W T WO SO T Y SO - W T

f [Hz]
Figure A-4 Energy Level and the -3dB band

121



Appendix IV — Ranges of Input Variables for Monte Carlo Simulations

Appendix IV — Ranges of Input Variables for Monte Carlo Simulations

Mixeure Compaction Air void content [%]  Stiffness [MPa] ITS [kPa] CTindex [-]
type min max min max min max min  max
RAP Gyratory 8.0 11.1 1,986 10,911 720.6 1,854.9 32 452
Marshall 11.3 17.3 725 8,728  292.8 1,378.8 2.6 50.5
Gyratory 6.8 9.7 730 6,287 381.1 1,230.3 151 57.8
RAP+RA
Marshall 9.8 15.7 383 5,255 135.3 922.0 7.8 75.0
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Appendise V' — Testing Results of the Control Mixture

Appendix V — Testing Results of the Control Mixture

TC] Average stiffness [MPa] Air void
2,00 Hz 2.51 Hz 3.98 Hz content [%%)]
5 18,877 20,417 22,619 158
Stiffness 10 15,216 16,712 18,593 Lo 25
20 5,833 6,701 7,909 L3 e
30 2,195 2,543 3,145 20
40 742 861 991 '
Set Specimen ITS [kPa] . jlmr;fl[f}/]
0
1-5 917.0 6.2
Water Dry 1-6 851.7 7.0
sensitivity 1-8 946.4 6.8
1-7 867.7 6.7
Wet 1-9 930.8 7.0
1-10 1,010.1 6.6
Set Specimen ITS [kPa] col?lltreZEn[(j %]
0
13 1,121.0 7.3
Unconditioned 1-5 1,164.7 7.9
. N 18 1,274.8 6.3
rerz:faentc:w 12 629.0 7.8
3 cycles 1-4 731.7 6.6
1-9 709.3 7.4
1-1 430.8 74
6 cycles 1-6 584.2 7.5
1-7 571.1 6.8
. . Air void
Resistance to Specimen RDyi: [mm] PRDuir [Y0]  WTSu [mm/103 load cycles] content [%]
gefﬁegtn 1-1 3.51 48 0.08 5.7
crormatio 12 434 6.1 0.12 5.1
Specimen Initial Initial Initial stiffness Loading cycles Air void
pecme stress [N]  strain [ue] [MPa] leading to failure [[]  content [%0]
1-1 6,750 85.9 13,897 229,601 5.0
1-2 12,000 167.8 12,697 3,241 5.6
1-3 7,000 98.4 12,656 55,622 49
P 1-4 7,000 775 16,114 405,121 4.4
at.lgtue 22 13,500 178.1 13,504 3,361 4.7
resistance 23 7,500 115.3 11,409 21,581 5.0
2-4 10,000 144.6 12,273 18,761 5.1
3-1 8,500 109.0 13,882 47,801 5.1
3-2 10,000 161.2 11,059 11,381 5.9
33 12,000 184.4 11,653 3,111 5.5
3-4 9,000 121.7 10,332 18,501 5.7

123



Appendise VI — Testing Results of the RAPT5 Mixture

Appendix VI — Testing Results of the RAP15 Mixture

T Average stiffness [MPa] Air void
2.00 Hz 2.51 Hz 3.98 Hz content [%]
5 19,831 20,755 22,712
Stiffness 10 15.305 16,790 19.474 ;é - 28
20 7,242 8,232 9,515 23 6:2
30 2,758 3,314 3,715 24_58
40 1,118 1,275 1,459
Set Specimen ITS [kPa] co[zltre Zfl[f/o]
2-6 970.0 8.3
Water Dry 2-7 1,072.8 8.3
sensitivity 2-10 906.8 8.9
2-5 1,060.2 8.3
Wet 2-8 1,044.0 8.4
2-9 1,075.3 8.6
Set Specimen ITS [kPa] . (j;ltfexl[‘j/o]
2-1 1,478.3 7.8
Unconditioned 2-2 1,513.1 7.2
Freee-thasw 2-6 1,602.9 6.6
resistance 2-5 1,227.5 7.6
3 cycles 2-7 1,070.5 7.3
2-8 1,298.8 7.1
2-3 879.5 7.5
6 cycles 2-4 855.8 7.4
2-9 954.0 7.2
Resistance to Specimen RDyi: [mm] PRD.ir [%]  WTSa: [mm/103 load cycles] Air VOI?
content [%o]
A, 2-1 2.57 35 0.06 6.5
2-2 3.61 5.0 0.10 5.9
Speci Initial Initial Initial stiffness Loading cycles Air void
PECIMEN g ress [N] strain ue] [MPa] leading to failure [-]  content [%0]
1-1 6,500 87.8 13,014 252,452 8.8
1-2 13,500 201.4 11,992 3,581 5.3
1-3 7,000 102.8 12,263 96,561 6.3
Fatigue 1-4 6,500 79.6 14,409 416,712 5.0
resistance 2-1 13,500 180.4 13,266 3,601 5.4
2-2 8,000 90.1 15,677 114,561 5.3
2-3 7,000 94.3 13,192 79,121 5.9
2-4 13,500 192.6 12,390 3,291 5.5
3-1 8,500 104.8 14,400 60,321 5.5
3-2 8,500 115.4 13,062 38,241 5.7
3-4 10,000 111.2 16,147 24,841 4.7
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Appendise VI — Testing Results of the RAP50 Mixture

Appendix VII — Testing Results of the RAP50 Mixture

T C Average stiffness [MPa] Air void
"cl 2.00 Hz 2.51 Hz 3.98 Hz content [%]
5 15,411 16,942 18,209 L1 60
Stiffness 10 11,370 12,462 13,871 2o
20 6,338 7,068 8,053 L3 _cs
30 3,110 3,559 4,104 L4 o4
40 1,322 1,502 1,796 '
Set Specimen ITS [kPa] co[zltre Zfl[f}/]
0
13 995.4 73
Water Dry 1-4 1,176.8 6.9
sensitivity 15 1,180.3 6.7
11 928.1 7.1
Wet 12 855.6 6.9
16 1,055.8 6.4
Set Specimen ITS [kPa] . (flltfexl[‘j/]
0
i 993.3 8.3
Unconditioned 111 930.0 7.1
. " VII 991.9 7.7
. “ffe: aw I 848.8 73
colstance 3 cycles VIII 737.2 8.2
X 810.1 7.5
v 607.5 7.8
6 cycles \Y 556.6 7.8
X 658.9 7.3
Resistance to Specimen RDir [mm] PRD.i [%0]  WTSu: [mm/ 103 load cycles] C(flltrCZfl[(j/o]
gz;:{:fg;n 21 2.57 35 0.06 6.5
22 3.61 5.0 0.10 5.9
Speci Initial Initial Initial stiffness Loading cycles Air void
PECIMEN g ress [N] strain ue] [MPa] leading to failure [-]  content [%0]
12 5,500 107.1 10,097 103,601 6.2
13 5,750 98.4 11,357 167,943 48
1-4 10,000 2226 8,555 4,061 47
P 2-1 10,000 212.1 9,033 3,841 4.6
at.lgtue 22 6,250 96.6 12,453 169,921 45
resistance 2-3 6,500 105.0 11,877 118,321 4.4
2-4 5,750 96.6 11,470 406,422 41
3-1 11,000 239.4 8,738 2,361 43
3-2 10,000 193.2 9,920 5,011 5.4
33 7,000 132.3 10,037 19,981 44
3-4 6,500 115.5 10,622 45,641 4.9
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4. AyTOpCTBO — HEKOMEPIIHjaAHO — AcAnTH oA ncTuM ycaosuma (CC BY-NC-SA)
5. Ayropctso — 6e3 mpepaaa (CC BY-ND)
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1. AyropcTtBo. A03BO/SABATE YMHOMKABAISE, ALCTPHOYIIH]Y U jABHO CAOIIITABAIGE ACAQ, U IIPEPAAE, AKO
ce HABEAC HME ayIopa Ha HAYMH OAPeheH OA CIpaHe ayropa HMAHM A4BAOLA AMIICHIIE, 9aK H Y
KoMeprimjasHe cepxe. OBO je HajcAOOOAHHU]a OA CBHX AHIICHITH.

2. AyropcTBO — HexoMepIjasHO. A03BOASABATE YMHOKABALE, AUCTPUOYIIH]Y U jaBHO CAOIIIITABAISGE
A€AQ, U TIPEPAAE, KO CE HABCAC MME ayTOPA HA HAYHH OAPEhEH OA CTpaHe ayTopa HAU AaBAOIIA AUIICHIIE.
OBa AnIIeHIIa He AO3BOAABA KOMEPITH]AAHY YIIOTPEOy AcAa.

3. AyropcTBO — HEKOMEpIHIjaAHO — 6e3 rpepaaa. A03BObsABATE YMHOKABAILE, ALCTPUOYIH]Y U jABHO
CAOIIIIITABAIbE ACAQ, O3 IIPOMEHA, TPEOOANKOBAbA HAN YIIOTPEOE AEAA Y CBOM AEAY, AKO CE HABEAE UME
ayropa Ha HaumH oApeheH OA crpaHe ayropa AW AaBaona AumeHre. OBa AHMIIEHIIA HE AO3BO/dABA
KOMEPIHUjaAHy YIOTPEOy AeAa. Y OAHOCY Ha CBE OCTAA€ AMIIEHIIE, OBOM AHIIEHIIOM CE€ OIPAaHHMYABA
najsehu 06mm rpasa Kopuirhema AeAa.

4. AyropCcTBO — HEKOMEPIIjAAHO — ACAUTH IIOA HCTHM yCAOBHMA. AO3BOMbABATE YMHOMKABAIBE,
AUCTPHOYIIH]Y 1 jaBHO CAOIINTABAILE ACAQ, U IIPEPAAE, AKO CE HABEAC FIME ayTOPa HA HA4YnH OApehen oA
CTpaHe ayTopa HAM AABAOLA AWIICHIIC H 4KO CE€ IIPEPad AUCTPHUOyHpa IIOA HCTOM HAH CAHYIHOM
AmrernioM. OBa AHIICHITA He AO3BOAABA KOMEPIIH]AAHY YIIOTPEOy AeAd U IIpepaaa.

5. AyropcTBo — 6e3 mpepaaa. Ao3BO/oaBaTE YMHOMKABAISE, AUCTPUOYIIN]Y U jABHO CAOIIIIITABAIGE ACAA,
0e3 mpoMeHa, IIPeODAUKOBAIbA AU YIIOTPeOe ACAQ ¥ CBOM ACAY, AKO C€ HABEAE HME ayTOpa HA HAYHH
oapehen oa crpane ayropa nau AaBaora Aurenre. OBa AUIIEHIIA AO3BO/bSABA KOMEPITHAAHY YIIOTPEOY
A€AQ.

0. AyTOpCTBO — AGAUTH IIOA HCTHM YCAOBHMA. AO3BOAABATE YMHOKABAME, AUCTPHOYIIN]Y U jaBHO
CAOIIIIITABABE ACAQA, U IIPEPAAE, AKO CE HABEAEC HME ayTOpa Ha HA4HH OApeheH OA cTpaHe ayropa HAK
AABAOIIA AHIICHIIE H AKO CE IIPEPAAd AUCTPHOYHPA TIOA NCTOM HAU CAMYHOM AHIteHIIOM. OBa AHIIEHIIA
AO3BO/bSABA KOMEPIIHjaAHy yIIOTPeOy Aeaa u mpepasa. CAmdHa je cCOPTBEPCKIM AHIICHIIAMA, OAHOCHO
AHMIIEHIIAMA OTBOPEHOT KOAQ.





