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FORTON, Andrei-Roman

Thermomechanical behavior of bituminous materials including RAP and
rejuvenator and Environmental impact of their fabrication process

Keywords: Recycling, RAP material, rejuvenator, estimation, prediction,
environment.
Abstract: The study presented in this thesis has been carried out within a
collaboration between Politehnica University Timisoara/Faculty of Civil
Engineering/Department of Overland Communication Ways, Foundations and
Cadastral Survey from Romania and Université de Lyon/Ecole Nationale des
Travaux Publics de I'Etat (ENTPE), laboratoire de Tribologie et Dynamique des
Systémes (LTDS) from France. The objectives are, i) the characterization of the
thermomechanical performances of binder blends and bituminous mixtures
produced with Reclaimed Asphalt Pavement (RAP) and rejuvenator (Rej) and, ii)
the investigation of the potential environmental impact related to the production
of a mixture containing different amounts of RAP material and Rejuvenator.

Therefore, comprehensive experimental investigations were performed
on binders and mixtures. All tests on binders and mixtures were performed in
the Road Laboratory from Politehnica University Timisoara, together with the
environmental impact assessment. On the other hand, the analyses, estimations
and predictions of most parameters/characteristics of binders and mixtures were
performed at ENTPE.

The study on binders focused on the investigation of the influence of a
RAP extracted binder and the rejuvenator on the properties of different binder
blends produced by mixing one type of fresh binder, a straight run 50/70 pen.
grade binder, a RAP-extracted binder and a rejuvenator of vegetal origin. The
experimental plan includes a total of 17 binders. A new method is proposed to
estimate the conventional properties, the LVE properties, the steady shear
viscosity and critical temperatures. Stronger correspondence, proved by the
statistical analysis, was found between the estimated values of all above-
mentioned parameters obtained with the proposed method compared to the
classical method, and experimental values.

The study on mixtures focused on the investigation of the effects of the
RAP material and the rejuvenator on the thermo-mechanical properties of 13
bituminous mixtures produced with different amounts of RAP material and with
or without a mix of vegetal origin used as a rejuvenator. One conventional Hot
Mix Asphalt was used as a reference. All materials used in this study are specific
for Romania. SHStS transformation was applied. A satisfactory prediction was
obtained even by using the limited DSR measurements on binders.

The Environmental Impact Assessment (EIA) proved that the addition of
RAP material leads to a net decrease of the energy use and environmental
impact. On the other side, when the rejuvenator is used in this process, it can
affect the energy balance and reduce the difference in environmental impact.




Comportement thermomécanique de matériaux bitumineux contenant de
I'’enrobé recyclé et un réjuvenant et impact environnemental de leur
processus de fabrication
Thése de doctorat Andrei-Roman Forton - Résumé

Le réseau routier public roumain permet un accés motorisé a la plupart des
régions et des localités du pays. Selon I'Institut national de la statistique, la longueur
du réseau routier public a la fin de 2019 est de 86 391 km dont : 17 873 km (20,69
%) d’autoroutes et routes nationales, 35 083 km (40,61 %) de routes
départementales et 33 435 km (38,70 %) de routes locales. Les routes nationales
représentent la part importante du réseau routier du pays, puisqu’elles accueillent
environ 70 % du trafic routier. Suite aux programmes de réhabilitation et de
modernisation réalisés ces derniéres années en Roumanie, a la fin de 2019, les routes
nationales comprenaient 95,1 % de routes au revétement routier moderne, 4 % de
routes construites avec un revétement routier semi-permanent (macadam), 0,8 % de
routes goudronnées et 0,1 % de routes en terre. Seulement 42,3 % des routes
départementales et 19% des routes locales ont un revétement routier moderne. De
plus, 38 % du total des routes publiques ont dépassé leur durée de vie et ne répondent
plus aux exigences de confort, de sureté et de respect de l'environnement. Par
conséquent, en analysant toutes les données présentées, on peut conclure qu'un
programme national basé sur des politiques durables pour la réhabilitation et la
modernisation du réseau routier en Roumanie est plus que bienvenu dans un proche
avenir.

Il est important de mentionner qu'en Roumanie, il n'y a pas de politiques sur
la réutilisation et/ou le recyclage des matériaux dans le domaine routier, méme s'il
existe des directives et des regles sur les méthodes de recyclage. Il manque encore
une stratégie nationale de réutilisation des matériaux obtenus par fraisage des
anciens revétements bitumineux en place ayant dépassé leur durée de vie, en vue de
produire de nouveaux mélanges bitumineux performants.

Une stratégie appropriée pourrait étre d'exiger I'utilisation d'un pourcentage
minimum de matériaux bitumineux de chaussées recyclés (RAP en anglais) dans la
production de nouveaux mélanges bitumineux. Une telle stratégie devrait conduire au
fil du temps a augmenter les taux de réutilisation des matériaux RAP afin d'atteindre
le « up-cycling ». Cette solution d'up-cycling pourrait étre un facteur clé dans le
développement durable du réseau routier public roumain. Une stratégie appropriée
pour la réutilisation des matériaux RAP, basée sur I'expérience d'autres pays
européens et les recommandations européennes, deviendra un outil clé pour la
Roumanie.

Au cours des derniéres décennies, de nombreux efforts de recherche ont été
déployés pour trouver de meilleures solutions afin d'augmenter le taux de réutilisation
des matériaux récupérés/recyclés et renouvelables dans I'industrie de la construction
routiére.

Les routes, comme tous les autres types de construction, nécessitent
plusieurs interventions au cours de leur « vie » ou a la fin de celle-ci, telles que la
réhabilitation, la modernisation, la restauration, la reconstruction, etc., pour assurer
la sécurité et le confort des usagers de la route. Le terme RAP est utilisé pour désigner
les matériaux issus de la déconstruction des revétements bitumineux
anciens/dégradés et obtenus par broyage. Le matériau RAP est considéré comme
100% recyclable, et son utilisation dans la production de nouveaux mélanges



d’enrobés bitumineux conduit a des avantages importants, tels que la réduction des
colits ou la conservation de I'énergie, des granulats et liants bitumineux, etc.

La plupart des matériaux de construction ne peuvent pas étre totalement
recyclé. L'enrobé bitumineux est I'un des rares matériaux de construction réutilisable
a 100 %. Selon le Briefing technique (2020) de I'European Asphalt Pavement
Association (EAPA) "la réutilisation des matériaux routiers doit toujours étre la
premiére option et le recyclage la seconde".

Pour des raisons économiques et environnementales, ['utilisation des
matériaux de récupération (RAP) dans la production de nouveaux mélanges d’enrobés
bitumineux a chaud HMA (Hot-Mix Asphalt) et d’enrobés bitumineux « tiedes » WMA
(Warm Mix Asphalt) est devenue une pratique courante pour la construction et
I'entretien des routes dans de nombreux pays.

Ces derniéres années, de nombreux pays ont développé différentes politiques
basées sur la durabilité des routes, sur la récupération, la réutilisation, le recyclage
des matériaux pour produire de nouveaux matériaux « plus respectueux de
I'environnement » (eco-friendlier).

Selon le rapport technique annuel américain de 2018, l'industrie routiére est
considérée comme le « recycleur le plus assidu », ou plus de 99 % des matériaux RAP
sont réutilisés et 82,2 millions de tonnes de matériaux RAP sont utilisés dans de
nouveaux enrobés bitumineux.

En Europe, selon I'Association européenne de la route (EAPA), la quantité de
matériaux RAP disponibles dans les différents pays européens, a la fin de 2018, était
de 49,50 Mt. La plupart de ces matériaux RAP se trouvaient en Allemagne (26 % du
RAP total disponible en 2018 en Europe), en Italie (18 %), en France (16 %), au
Royaume-Uni (12 %) et 28 % répartis parmi les autres pays. Selon ces données, en
2018, en Europe, prés de 76 % du total des matériaux RAP disponibles ont été
réutilisés dans la production de nouveaux enrobés bitumineux fabriqués a chaud,
« tiede » ou a froid (71 % HMA ou WMA + 5 % a froid), 20 % recyclés du total et 4
% utilisés dans d'autres applications. Cependant, la réutilisation des matériaux
routiers dans la production de nouveaux enrobés bitumineux n'est pas tres populaire
en Roumanie, car il n'y a pas de données rapportées sur la réutilisation de ces
matériaux.

Différentes études ont montré que lorsque plus de 20 % (en masse) de
matériau RAP est utilisé dans de nouveaux enrobés bitumineux, cela entraine une
augmentation du module complexe et une diminution de la durée de fatigue des
enrobés bitumineux finaux.

Afin d'augmenter le taux d'utilisation du matériau RAP et d'améliorer les
performances du produit final, de nombreuses études ont montré le potentiel des
agents réjuvénants (agents régénérateurs) pour régénérer le liant vieilli du matériau
RAP et induire au final un effet positif sur les caractéristiques mécaniques du produit
fini, qui peut étre considéré comme un enrobé bitumineux plus respectueux de
I'environnement.

L'utilisation de réjuvénants (Rej) a été introduite pour la premiére fois en
1960 comme traitement de conservation des revétements routiers bitumineux avec
pour rdle principal de restaurer les caractéristiques physiques et chimiques du liant
vieilli.

Les conclusions de plusieurs études et les objectifs de plusieurs programmes
de recherche en cours axés sur I'étude de l'influence et de l'effet de différents
matériaux RAP et de différents réjuvénants sur les performances finales de nouveaux
enrobés bitumineux peuvent étre résumés comme suit :

- les réjuvénants peuvent améliorer les caractéristiques de déformation



permanente des enrobés bitumineux finaux, d‘aprés les conclusions de
Haghshenas et al. (2016), Zhou et al. (2015);

- les performances a long terme des réjuvénants peuvent ne pas étre
stables a une exposition a long terme a haute température, d'apres la
conclusion du rapport NRRA (2020);

- les réjuvénants peuvent réduire la résistance a I'numidité, d’apres la
conclusion de Haghshenas et al. (2016), Tran et al. (2012), Hajj et al.
(2013), Im et Zhou (2014);

- les réjuvénants peuvent réduire la rigidité des enrobés bitumineux finaux,
d’aprés les conclusions de Tran et al. (2012), Hajj et al. (2013), Im et al.
(2014);

- les réjuvénants peuvent améliorer la résistance a la fissuration des
enrobés bitumineux finaux, d’apres les conclusions de Tran et al. (2012),
Hajj et al. (2013), Im et al. (2014);

- les réjuvénants peuvent améliorer la résistance a la fatigue et fournir une
résistance a la fatigue méme apreés des heures de vieillissement, d’aprés
les conclusions du rapport NRRA 2020; la résistance a la fissuration a
basse température des enrobés bitumineux produits avec le matériau RAP
est améliorée lorsque des réjuvénants ont été utilisés. De plus, méme si
les échantillons ont été vieillis pendant plusieurs heures, ce processus n'a
pas eu d'effet significatif sur la résistance a la fissuration a basse
température, d'aprés les conclusions du rapport NRRA 2020.

L'étude présentée dans cette thése de doctorat a été menée en collaboration
entre I'Université Polytechnique de Timisoara / Faculté de Génie Civil / Département
de Voies de Communication Terrestres, Fondations et Cadastre de Roumanie et
I'Université de Lyon / Ecole Nationale des Travaux Publics de I'Etat (ENTPE),
Laboratoire de Tribologie et Dynamique des Systémes (LTDS) de France. Les objectifs
sont, I) de caractériser les performances thermomécaniques des mélanges de liants
et des enrobés bitumineux produits avec des matériaux de récupération (RAP) et un
réjuvénant (Rej) et, II) d'étudier I'impact environnemental potentiel du processus de
production d'une tonne de mélange d’enrobé bitumineux produit avec ajout de
matiere RAP, en différents pourcentages, avec et sans ajout de réjuvénant.

Des études expérimentales ont été menées sur les liants et enrobés
bitumineux. Tous les essais sur les bitumes et les enrobés bitumineux ont été
effectués dans le Centre de recherche des Infrastructures pour les constructions et
les transports, le Laboratoire routier de I'Université Polytechnique de Timisoara, ainsi
gue I'étude d'impact environnemental. D'autre part, des analyses numériques, des
estimations et des prédictions de la plupart des parametres/caractéristiques des
bitumes et des enrobés bitumineux ont été réalisées au sein de I'ENTPE.

L'étude sur les mélanges de liants (Chapitre 2) s'est focalisée sur les
propriétés de différents mélanges de bitumes produits en mixant un bitume neuf
d’apport de pénétration 50/70, un bitume extrait et récupéré a partir d'un matériau
RAP et un agent régénérant d'origine végétale. L'influence et les effets de I'ajout de
bitume RAP et de I'agent régénérant ont d'abord été analysés sur la base des résultats
d’essais classiques permettant d’obtenir les propriétés conventionnelles selon les
normes européennes (pénétration a 25°C, point de ramollissement bille et anneau,
point de rupture Fraass, densité et ductilité a 25°C). Leurs effets ont également été
analysés au niveau des propriétés thermo-rhéologiques des mélanges de liants
obtenus sur la base des résultats d’essais de module complexe réalisés avec un



rhéomeétre a cisaillement de type DSR (a températures intermédiaires et élevées) et
du module de rigidité en flexion mesuré avec un rhéomeétre permettant de réaliser
des essais de flexion 3 points, de type BBR (a basse température). Le comportement
visco-élastique linéaire (VEL) de tous les bitumes testés a été modélisé avec succes a
I'aide du modeéle 2S2P1D (2 éléments élastiques, 2 éléments paraboliques et 1
élément parfaitement visqueux) développé au laboratoire de I'ENTPE.

Le plan expérimental comprend un total de 17 mélanges de liants. Les
proportions entre bitume RAP vieilli, bitume frais et agent régénérant ont été calculées
pour reproduire les proportions réelles de ces composants retrouvées dans les
enrobés bitumineux correspondants testés (avec une teneur totale en liant de 5,6 %,
le réjuvénant n'a pas été considéré comme faisant partie de celui-ci) contenant 25 %,
50 % et 75 % de matériau RAP et 0,0 %, 0,2 %, 0,4 % et 0,6 % de réjuvénant en
masse du matériau RAP (12 mélanges au total). Ces proportions correspondent a 0
%, 5 %, 10 % et 15 % de réjuvénant par rapport a la masse du bitume RAP dans les
enrobés bitumineux. Trois mélanges supplémentaires entre le bitume RAP et le
réjuvénant ont été réalisés et testés, ceux-ci étant considérés comme des « matériaux
de base » dans la premiére méthode d'estimation présentée dans les sections
suivantes. Les deux bitumes de base ont également été testés.

Les résultats expérimentaux montrent une diminution des valeurs de
pénétration et une augmentation de la température bille-anneau, de la température
Fraass et de I'indice de pénétration avec I'augmentation de la teneur en bitume RAP,
respectivement avec la diminution de la teneur en réjuvénant dans les mélanges. Des
tendances similaires a celles observées pour la température et I'indice de pénétration
ont été observées pour la densité. Pour les mélanges réalisés sans agent régénérant,
I'allongement diminue avec I'augmentation de la teneur en bitume RAP et est toujours
inférieur a 150 mm.

Des essais de module complexe ont été réalisés a des températures comprises
entre 25°C et 85°C sur une plage de fréquences de 0,1 Hz a 10 Hz. Le principe
d'équivalence temps-température a été validé pour tous les bitumes testés. Les
données obtenues a partir des essais DSR effectués sur tous les mélanges ont été
modélisées avec succes a I'aide du modéle 2S2P1D pour lequel quatre parameétres ont
été considérés comme constants pour tous les matériaux testés. Ainsi, seuls trois
paramétres 2S2P1D ont été étudiés. Ces paramétres ainsi que les coefficients de
translation ar présentent des tendances remarquables (relations linéaires ou
logarithmiques) avec I'augmentation de la teneur en bitume RAP et en réjuvénant
dans les mélanges finaux. La viscosité a cisaillement constant a 85°C a été déterminée
comme la limite du module de la viscosité complexe a haute température/basse
fréquence dans le domaine du comportement newtonien des bitumes. Cette viscosité
a ensuite été calculée pour d'autres températures, de 75°C a 25°C, a partir des
valeurs expérimentales obtenues a la température de référence de 85°C. Pour toutes
les températures, les valeurs de viscosité augmentent avec 'augmentation de la
teneur en bitume RAP et avec la diminution de la teneur en agent régénérant dans
les mélanges. Il a été observé que l'ajout d'agent régénérant contrebalance I'effet
raidisseur du bitume RAP dans les mélanges.

Les températures critiques supérieure et inférieure ont été déterminées a
partir des données obtenues sur la base des tests DSR et BBR. Les tests ont été
effectués conformément au cadre général Superpave, avec quelques différences
mineures dans l'analyse des résultats des essais pour obtenir les températures
critiques considérées des mélanges testés. Les résultats expérimentaux montrent que
les deux températures critiques augmentent avec 'augmentation de la teneur en
bitume RAP dans la masse des mélanges et diminuent avec I'augmentation de la



teneur en agent régénérant dans la masse des mélanges. Il semble que l'agent
régénérant puisse avoir un effet compensateur, car il neutralise I'effet du bitume
vieilli. Cependant, il est intéressant de noter qu'un dosage plus faible de régénérant
est nécessaire pour obtenir une température critique plus basse similaire a celle du
bitume frais que dans le cas d'une température critique plus élevée.

Pour la plupart des parameétres analysés, les résultats obtenus pour les
mélanges réalisés avec 10 % ou 15 % de réjuvénant (en proportion de la masse de
bitume RAP), sont plus proches de ceux obtenus pour le bitume frais 50/70,
indépendamment de la teneur en bitume RAP. Fondamentalement, cela indique la
capacité du réjuvénant, pour ce qui concerne les caractéristiques thermomécaniques,
a rajeunir / réactiver le bitume RAP vieilli et, enfin, a fournir un produit final avec des
propriétés similaires au bitume frais.

De fortes relations entre les valeurs expérimentales des parameétres
conventionnels, la viscosité a 25°C et les deux températures critiques, ont été
observées.

Deux méthodes d'estimation différentes ont également été proposées et
I'’ensemble des parameétres étudiés ont pu étre estimés pour tous les mélanges
produits, en partant uniquement des résultats expérimentaux obtenus pour les
constituants de base.

La premiére méthode d'estimation est une approche classique, considérant
un mélange de deux composants, dans laquelle 5 bitumes ont été pris en compte
comme matériaux de base (bitume frais, bitume récupéré RAP et les 3 mélanges
complémentaires RAP + Rej).

La deuxieme méthode d'estimation est une nouvelle approche a trois
composantes (bitume frais, bitume RAP et agent régénérant). Pour lI'agent
régénérant, des valeurs équivalentes ont été obtenues et utilisées pour tous les
paramétres. Les valeurs équivalentes ont été déterminées par optimisation des
résultats de la méthode d’estimation, en minimisant la distance entre les valeurs
expérimentales et celles estimées pour tous les mélanges considérés. Il convient de
souligner que ces valeurs équivalentes n'ont été utilisées que dans le cadre de la loi
d'estimation, elles ne sont donc pas destinées a refléter les propriétés réelles de
I'agent régénérant.

Une correspondance légerement meilleure entre les valeurs estimées de tous
les paramétres mentionnés ci-dessus, obtenues avec la deuxiéme estimation, qui est
un résultat original de ce travail de thése, et les valeurs expérimentales, a été
obtenue. De plus, la seconde estimation a le grand avantage de ne nécessiter que des
parametres pour chacun des trois constituants de base, lorsque le dosage est fixe.

Pour déterminer les valeurs d'angle de phase a partir des valeurs estimées de
la norme du module complexe, pour tous les mélanges, sur toute la plage de
fréquence et de température, le modéle 2S2P1D a été calibré sur les courbes
maitresses de la norme de module complexe a une température de référence de 55°C,
pour étre slrs que tous les mélanges analysés sont de simples matériaux thermo-
rhéologiques. Cette approche est une nouvelle méthode proposée dans cette
recherche. Il a été observé que les valeurs calculées de I'angle de phase sont proches
des valeurs mesurées pour tous les mélanges considérés. Une meilleure corrélation
avec les mesures expérimentales a été trouvée pour les valeurs d'angle de phase
calculées a partir du modéle 2S2P1D calibré sur les courbes maitresses de la norme
du module complexe obtenue avec la deuxiéme méthode d'estimation.

L'analyse statistique effectuée pour mettre en évidence la précision des deux
méthodes d'estimation pour tous les parameétres, compte tenu de tous les mélanges
testés, montre qu'une estimation plus précise a été obtenue en appliquant la



deuxiéme méthode d'estimation.

Une nouvelle méthode a été proposée si les paramétres équivalents pour
I'agent régénérant ne sont pas connus des expériences précédentes. Une bonne
approximation peut étre obtenue a partir d'un seul essai réalisé sur le mélange de
liant produit entre le bitume RAP et la teneur maximale en agent régénérant : RAP +
15 % Rej, dans le cas de cette étude. Dans ces conditions, les valeurs équivalentes
déterminées pour le régénérant sont trés similaires par rapport aux valeurs optimisées
utilisées dans la deuxi€éme méthode d'estimation. Cette conclusion est également
validée sur deux nouveaux mélanges, qui ont une teneur différente en agent
régénérant : respectivement 7,5 % et 8,5 %. Cette approche proposée a le grand
avantage de nécessiter moins de tests que I'approche classique et peut étre utilisée
pour toute combinaison RAP/réjuvénant, contrairement a I'approche classique.

Les parameétres équivalents utilisés ne dépendent probablement que de
I'agent régénérant, ce qui est un autre avantage de la méthode proposée. Ce point
est a confirmer en considérant une gamme plus large de bitumes frais et autres
bitumes RAP.

L'étude sur les mélanges bitumineux (Chapitre 3) s'est concentrée sur le
comportement de 13 mélanges bitumineux produits en utilisant différentes quantités
de matériau RAP avec ou sans réjuvénant d’origine végétale. Les bitumes et le
réjuvénant, leurs mélanges et leurs proportions sont les mémes que ceux considérés
au chapitre 2 et résumés ci-dessus. Tous les matériaux utilisés dans cette étude sont
spécifiques a la Roumanie. Tous les matériaux (granulats, liants et matériau RAP) ont
été caractérisés par une série de tests selon les spécifications des normes roumaines.

Dans la premiére étape, sept types d’enrobés bitumineux conventionnels ont
été produits et testés pour déterminer la teneur optimale en liant. Ensuite, une
deuxiéme campagne expérimentale a été proposée, dans laquelle 13 types d’enrobés
bitumineux produits avec ajout de matériau RAP et d'agent régénérant ont été testés.
Ces 13 enrobés bitumineux ont une courbe granulométrique continue de 16 mm,
similaire a celle utilisée pour I'enrobé bitumineux de référence, la méme teneur totale
en liant (5,60 % de liant total dans la masse du mélange d’asphalte, le régénérant
n'étant pas pris en compte dans ce pourcentage) et la méme proportion de matériau
RAP (25 % RAP lot 0-8 mm + 75 % RAP lot 8-22,4 mm).

Des pesées hydrostatiques, des essais Marshall, des essais de détermination
de rigidité par l'essai de traction indirecte a différentes températures (10°C, 15°C,
20°C et 25°C), des essais de fluage dynamique par compression cyclique en pression
latérale (300 kPa, confinement 50 kPa, 50°C, 10000 cycles) et des essais de module
complexe en flexion deux points sur éprouvettes trapézoidales, ont été réalisés sur
I'ensemble des 13 types d’‘enrobés bitumineux. L'influence du matériau RAP et de
I'agent régénérant sur le comportement des enrobés bitumineux a été mise en
évidence. L'effet de I'augmentation de la teneur en matériau RAP a conduit a un
comportement plus rigide des enrobés bitumineux. D'autre part, I'augmentation de la
teneur en agent régénérant a conduit a un effet inverse, qui contrebalance I'effet du
matériau RAP.

Il est important de noter que les liants des différents enrobés bitumineux sont
les mémes que ceux testés au chapitre 2. Par conséquent, I'effet global du liant sur
les propriétés de I'enrobé bitumineux est au centre de cette étude. Cependant, il est
important de noter que les mélanges de liants étudiés au chapitre 2 ont été
parfaitement mélangés en laboratoire. Méme si les pourcentages entre bitume frais,
bitume RAP et agent régénérant sont les mémes, il peut y avoir quelques différences
entre ces mélanges parfaits (Chapitre 2) et le liant dans les enrobés bitumineux.



Pour la plupart des paramétres étudiés (caractéristiques Marshall, module de
rigidité et fluage dynamique), leurs variations avec les valeurs de pénétration des
liants correspondants ont conduit a des corrélations fortes pour les enrobés
bitumineux / mélanges liants produits avec la méme teneur en RAP / bitume RAP (25
%, 50 % et 75 %). Cependant, la relation générale entre ces parameétres et la
pénétration du bitume n'est pas si forte. Ces tendances pourraient s'expliquer par le
fait que, trés vraisemblablement, [|'utilisation de matériau RAP entraine une
modification des courbes granulométriques des enrobés bitumineux finaux. De plus,
|'utilisation de la méme énergie de compactage pour tous les mélanges bitumineux,
la teneur en agent régénérant qui a été déterminée selon la masse du matériau RAP
et la différence entre la densité des granulats RAP et la densité des granulats d'entrée
conduisent aux résultats présentés dans cette étude.

Les données expérimentales obtenues a partir des essais de module complexe
ont été modélisées a l'aide du méme modeéle 2S2P1D. Il a été observé que les
paramétres 2S2P1D et les coefficients de translation ar des enrobés bitumineux ne
suivent pas une tendance nette avec I'augmentation de la teneur en matériau RAP et
en agent régénérant. Cette observation contraste avec les tendances linéaires de ces
paramétres avec la teneur en bitume RAP qui ont été observées pour les liants
correspondants. Le module Eo des mélanges bitumineux présente une relation
satisfaisante avec les valeurs de pénétration des bitumes correspondants.

La transformation SHStS (Shift, Homothety, Shift et Time Shift) proposée par
I'équipe de I'ENTPE a été appliquée pour prédire le comportement viscoélastique des
enrobés bitumineux a partir de la seule connaissance du comportement des bitumes
correspondants. Une prévision satisfaisante a été obtenue malgré l'intervalle limité
des mesures réalisées au DSR sur les bitumes. Le modéle 2S2P1D a également été
utilisé avec succés pour prédire le comportement VEL des enrobés bitumineux. Une
relation linéaire entre certains parameétres des enrobés bitumineux, dont la norme du
module complexe a 15°C et 10 Hz et les valeurs de pénétration des bitumes/mélanges
correspondants a été obtenue.

La norme du module complexe a 15°C et 10 Hz des enrobés bitumineux a été
simulée a partir de la seule connaissance du comportement des bitumes/mélanges
correspondants et des trois constantes SHStS. Une bonne corrélation entre les
résultats expérimentaux et ceux simulés a été obtenue, prouvée par la valeur
satisfaisante du coefficient de détermination R2 de 0,981 et par les erreurs relatives
qui sont toujours inférieures a 5 %.

Il convient de noter que toutes les tendances présentées au chapitre 3
confirment partiellement les conclusions présentées au chapitre 2.

Dans la derniére partie de la thése, une étude d'impact sur I'environnement
(EIA) a été réalisée (Chapitre 4) pour estimer I'impact potentiel sur I'environnement
du processus de production d'une tonne de mélange d’enrobé bitumineux,
correspondant aux 13 types considérés et testés au chapitre 3, tandis que tous les
autres processus étaient supposés étre similaires. L'EIA a été réalisée a l'aide du
logiciel GaBi. Cette évaluation a été réalisée en considérant les trois étapes suivantes
: I'approvisionnement en matiéres premiéres, le transport et la fabrication.

Une analyse comparative et une analyse interne ont été réalisées pour mieux
mettre en évidence I'impact environnemental du processus de production des enrobés
bitumineux fabriqués avec I'ajout de matériau RAP et d’agent régénérateur.

Comme prévu, le processus de production de I'enrobé bitumineux
conventionnel a le plus grand impact sur I'environnement. L'ajout d’enrobé réutilisé



entraine une nette diminution de la consommation d'énergie et de Il'impact
environnemental. D'autre part, lorsque des agents régénérants sont utilisés dans ce
procédé, ils peuvent affecter le bilan énergétique et réduire le gain sur l'impact
environnemental. Cependant, l'augmentation de la teneur en agent régénérant
correspond a une faible augmentation de l'impact. Un impact considérable a été
observé pour l'indicateur qui caractérise I'occupation du sol, du fait que l'agent
régénérant considéré dans cette étude est un mélange d'huiles végétales.

Lorsque moins de 25 % de matériau RAP est utilisé pour produire un nouveau
mélange d’enrobé bitumineux, les caractéristiques du mélange final pourraient étre
considérées dans les limites spécifiées par les normes roumaines pour un enrobé
bitumineux traditionnel avec une taille de granulat maximale de 16 mm. Par
conséquent, la diminution de I'impact environnemental est d'environ 20 % pour cette
solution par rapport a la solution conventionnelle.

Lorsque de grandes quantités de matériau RAP sont utilisées pour produire
un nouvel enrobé bitumineux, des agents régénérants doivent également étre utilisés.
Bien que la solution 75 % RAP ait été envisagée pour mettre en évidence l'impact
environnemental potentiel de ce matériau RAP 100 % recyclable, une diminution
substantielle de I'impact environnemental a pu étre obtenue (plus de 50 % de I'impact
obtenu pour la solution conventionnelle).

Pour le processus de production des enrobés bitumineux contenant du
matériau RAP et différentes quantités d'agent régénérant, une augmentation de
I'impact sur I'environnement a été observée avec I'augmentation de la teneur en agent
régénérant (par rapport a ceux produits uniquement avec du matériau RAP).
Cependant, cela ne représente qu'une augmentation d’environ 1,5 % de l'impact
environnemental pour une teneur en agent régénérant de 0,2 % (par rapport a la
masse totale de I’enrobé bitumineux final).

Sur la base des investigations expérimentales et des résultats présentés dans
les Chapitres 2 et 3, I’enrobé bitumineux D.50.R.0.4 (50 % de matériau RAP + 0,4 %
d'agent régénérant) (respectivement le mélange de liant correspondant 50/70 + 50
% RAP + 10 % Rej) montre un comportement plus proche de celui d'un enrobé
bitumineux conventionnel (respectivement, le bitume frais correspondant 50/70).
L'impact environnemental de cette solution (D.50.R.0.4) conduit a une diminution
d'environ 33-40 % (selon l'indicateur/parameétre de I'environnement analysé) par
rapport a la solution conventionnelle.

Plusieurs aspects de cette étude méritent d'étre approfondis. Par conséquent,
en tant que perspectives, les points suivants pourraient orienter la poursuite des
travaux développés dans la thése présentée :

- la méthode proposée (deuxieme approche) pour estimer les propriétés
conventionnelles, les propriétés VEL, la viscosité, la norme de module
complexe et les températures critiques des mélanges de liants produits
avec l'ajout de bitume RAP récupéré et d'agent régénérant est
prometteuse, mais nécessite d’étre validée sur un plus grand nombre de
bitumes et d’agents régénérants différents;

- une investigation future devra étre envisagée en réalisant des essais DSR
sur des plages de température et de fréquence plus élevées et également
en réalisant une investigation a basse température des mélanges de liants
vieillis (RTFOT ou PAV). Une étude de linéarité pourrait également étre
réalisée ;

- un autre aspect important qui devrait étre étudié est lié a la relation entre
la composition, les propriétés chimiques, la microstructure et les



parameétres 2S52P1D des mélanges de liants qui sont produits avec du
bitume RAP et des agents de régénération. Cela pourrait renseigner sur
les effets chimiques et thermomécaniques du régénérant sur le
comportement a long terme des mélanges de liants ;

différentes conditions de mélange/production des enrobés bitumineux
devraient étre envisagées dans une future étude pour comparer les
résultats estimés avec les données expérimentales ;

concernant I'étude du comportement thermomécanique des enrobés
bitumineux bitumineux produits avec un matériau RAP et un agent
régénérant, des recherches supplémentaires sur la fatigue, la fissuration
et la fissuration thermique pourraient é&tre menées pour étudier I'effet de
ce produit sur ces caractéristiques. En outre, des essais de module
complexe pourraient étre étudiés sur des plages de températures et de
fréquences plus grandes, en utilisant des appareils de
traction/compression ;

une analyse complémentaire des relations entre les propriétés
mécaniques des liants et celles des enrobés bitumineux doit étre réalisée.
En particulier, la relation entre les performances en fatigue et les
performances d'orniérage et les propriétés correspondantes du bitume
pourraient étre étudiées ;

un point important a étudier est lié a la comparaison entre le
comportement et les propriétés des enrobés bitumineux et des mélanges
de liants d’une part, et le comportement et les propriétés des mastics
correspondants d’autre part. Ce travail pourrait conduire a des données
intéressantes en ce qui concerne la guérison des fissures et la
récupération des propriétés visco-élastiques linéaires ;

les analyses d'impact environnemental des solutions présentées dans
cette étude pourraient étre poursuivies. Notamment une analyse de cycle
de vie (analyse LCA) pourra étre réalisée en tenant compte de tous les
autres processus exclus par les conditions marginales de cette étude.
Ainsi, I'analyse des colts du cycle de vie (LCA) pourrait étre complétée
par une analyse des colts (LCC) pour les mélanges bitumineux produits
avec le matériau RAP et le réjuvénant, prenant en compte les colts et
matériaux locaux ;

toutes les conclusions qui ont été mises en évidence dans cette étude sont
basées sur des investigations de laboratoire et des analyses associées.
Par conséquent, une validation doit étre effectuée par des observations
in-situ sur les performances de ces mélanges bitumineux.
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Notations, abbreviations, acronyms

RAP

HMA
WMA
Rej

DSR
BBR
PG
RAS
LVE
EIA

LCA
LCC

TTSP

Q ™ = =

S ~

Reclaimed Asphalt
Pavement

Hot-Mix Asphalt
Warm-Mix Asphalt

rejuvenator

Dynamic Shear
Rheometer
Bending Beam
Rheometer

Performance Grade
Reclaimed Asphalt
Shingles

Linear Visco Elastic

Environmental Impact
Assessment

Life Cycle Assessment

Life Cycle Cost

Time-Temperature
Superposition Principle

temperature

frequency

number of cycles

strain

stress

time

angular frequency
complex modulus
complex shear modulus
phase angle

real part of E*
imaginary part of E

norm of complex modulus

norm of complex shear
modulus

Tref

70
pen.
TraB

PI

7—Frara;ss

TpsR high critical
S(t)
m(t)
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Introduction

For economic and environmental reasons, the use of Reclaimed Asphalt
Pavement (RAP) in the production of new bituminous mixtures HMA (hot-mix asphalt)
and WMA (warm-mix asphalt) has become a common strategy for the construction
and maintenance of roads. The milled material from deteriorated pavement, the so-
called Reclaimed Asphalt Pavement (RAP) is 100% recyclable and is considered to be
an alternative material for the road industry. The use of RAP material in the production
of new bituminous mixtures presents many advantages as conservation of energy,
aggregates and binder, cost reduction, etc.

Over the last decades, many transportation agencies implemented different
technologies in order to reuse the materials and important research efforts were made
in order to increase the use of RAP due to the increasing demand for eco-friendly
mixtures and to the increased prices for the raw materials. Several studies showed
that a solution that must be taken into consideration is the use of the so-called
recycling agents or rejuvenators. However, the recycling rates are still relatively low,
rarely passing 60%, therefore substantial work for the improvement of these
technologies remains.

The use of RAP materials in the production of new bituminous mixtures should
not be considered only from economic and environmental reasons. Several studies
highlighted that the use of RAP material can lead to an improvement of the bituminous
mixtures performances. Bituminous materials present an extremely complex
behaviour and when RAP materials and rejuvenators are used, the characterization of
the behaviour of the final products becomes more challenging. Many research efforts
were spent in order to better highlight the influence and the effects of RAP and
rejuvenators on the mixtures properties and to model or predict their behaviour from
binder blends properties of the fresh, RAP binders and rejuvenators.

The recycling technologies and the polices regarding the reuse of materials in
road industry are well applied and used in many countries. However, these
technologies are not very popular in Romania. A national strategy regarding the reuse
of the materials in the idea of producing higher-performance bituminous mixtures, is
still missing. A proper strategy will lead in time to other strategies related to the
increase of the amounts of RAP materials in the idea of producing higher-performance
bituminous mixtures (‘up-cycling’). This up-cycling solution could be a key factor in
the sustainable development of Romania’s public road network, and not only.

This thesis has been carried out within the framework of a collaboration
between University Politehnica Timisoara/Faculty of Civil Engineering/Department of
Overland Communication Ways, Foundations and Cadastral Survey/Infrastructures for
Constructions and Transportation Research Centre from Romania and Université de
Lyon/Ecole Nationale des Travaux Publics de I'Etat (ENTPE)/Laboratoire de Tribologie
et Dynamique des Systémes (LTDS) Unité Mixte de Recherche Centre National de la
Recherche Scientifique 553 (UMR CNRS 5513) Vaulx-en-Velin Cedex, from France.
The objectives are, i) the characterization of the thermomechanical performances of
binder blends and bituminous mixtures produced with Reclaimed Asphalt Pavement
(RAP) and rejuvenator (Rej) and, ii) the investigation of the potential environmental
impact related to the production of a mixture containing different amounts of RAP
material and Rejuvenator.
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Two comprehensive experimental plans were performed on binders and
mixtures. The study on binders focused on the investigation of the influence of a RAP
extracted binder and the rejuvenator on the properties of different binder blends
produced by mixing one type of fresh binder, a RAP-extracted binder and a
rejuvenator of vegetal origin. Different types of tests were performed on binders from
classical European tests to more advanced laboratory tests (DSR and BBR tests). The
obtained test results were analysed by applying a rheological model. Three estimation
methods were proposed in order to estimate values of different parameters of all
binder blends. A statistical analysis was performed to highlight the precision of the
estimation methods.

The study on mixtures focused on the investigation of the effects of the RAP
material and the rejuvenator on the thermomechanical properties of several
bituminous mixtures produced with different amounts of RAP material and with or
without a mix of vegetal origin used as a rejuvenator. One conventional Hot Mix
Asphalt was used as a reference. All materials used in this study are specific for
Romania. Particular attention was given to the relation between binder blends and
mixture behaviours.

Finally, an Environmental Impact Assessment (EIA) was performed to
estimate the potential environmental impact related to the production process of
several types of bituminous mixtures, defined by the following three stages: raw
material supply, transport, and manufacturing, of one tonne (1 T) of the considered
bituminous mixtures while all the other processes were assumed to be similar.

All tests on binders and mixtures were performed in the Infrastructures for
Constructions and Transportation Research Centre from University Politehnica
Timisoara, together with the environmental impact assessment. On the other hand,
the analyses, estimations, and predictions of most parameters/characteristic of
binders and mixtures were performed in ENTPE.

The thesis is organized in different sections. After this introduction, a literature
review is presented about the context of the research, the recycling process and RAP
material characteristics, the bituminous materials properties together with a brief
overview about the environmental impact assessment. The two following chapters
report obtained experimental results and analysis procedures followed, respectively,
for binders and mixtures. Afterwards, the environmental impact assessment results
were presented. At the end, general conclusions of the study and perspectives for
future research are presented.
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1. Literature review

1.1 Romanian context

1.1.1 Current status of national, county and local roads in Romania

The public road network in Romania provides motorized access in most
regions, localities of the country and according to the National Institute of Statistics
[1] the length of the public road network at the end of 2019 measured 86 391 km
from which: 17 873 km (20.69%) highways and national roads, 35 083 km (40.61%)
county roads and 33 435 km (38.70%) local roads. The density of the public road
network reported to the surface of Romania is 36.24 km public roads/100 km?.

All roads from Romania can be classified based on the M.T. (Ministry of
Transport) order 1297/2017 [2]. Table 1.1 shows the length of the public roads from
Romania (highways, national, county and local roads). Also, Figure 1.1 shows the
map of the national road network from Romania [3].

Table 1.1. Length of Romanian’s public road network at the end of 2019 (data from
the National Institute of Statistics website [4]).

Public

National County Local
roads
roads roads roads
Total
Total, km: 86 391 17 873 35 083 33435
from which:
Highways 866 866 - -
European roads 6176 6176 - -
Roads - 3 traffic lanes 298 290 8
Roads - 4 traffic lanes 1963 1923 40 -
Roads - 6 traffic lanes 38 35 3 -

As a function of the type of their viability state, the surface course and their
service life the public roads can be classified as:

— modernized roads:

— roads with concrete surface course;

— roads with bituminous (asphalt) surface course;

— paved roads;

— roads with semi-permanent surface course (macadam);

— cobblestone roads;

— dirt roads.

Table 1.2 shows the data presented by the National Institute of Statistics
regarding the length of the Romanian’s public road network, at the end of 2019, as a
function of their surface course for each type of roads (national, county and local).
Also, the length of the roads that exceeded their service life is presented in Table 1.2.

Moreover, the percentage distribution of Romanian’s public road network
based on their territorial administrative importance and the type of their surface
course, at the end of 2019 (data from the National Institute of Statistics website [4])
is presented in Table 1.3.
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In order to better highlight the viability of the Romanian’s public road
network, Table 1.4 shows their percentage distribution based on their viability.

Table 1.2. Length of the Romanian’s public road network as a function of their surface
course at the end of 2019 (data from the National Institute of Statistics website [4]).

Public National  County Local
roads
roads roads roads

Total
Modernized roads, km 38166 16991 14840 6335
- concrete surface course 2646 880 956 810
- bituminous surface course 35404 16088 13810 5506
- paved roads 116 23 74 19
Roads that exceeded their service life 13411 9297 3459 655
Roads with semi-permanent 21365 720 13227 7418
surface course, km
- roads that exceeded their service life 9217 572 6340 2305
Cobblestone roads, km 17831 144 5310 12377
Dirt roads, km 9029 18 1706 7305

The national roads represent the majority network of the country,
approximative 70% of road traffic takes place on them (Figure 1.1). Based on the
rehabilitation and modernization program that was performed over the past years in
Romania, at the end of 2019 the national roads reached 95.1% roads with modernized
surface course, 4% roads with semi-permanent surface course (macadam), 0.8%
cobblestone roads and 0.1% dirt roads. More details for the other type of roads
(county and local roads) are given in Table 1.3, where it can be observed that only
42.3% of the county roads and 19% of the local roads presents a modernized surface
course.

On the other side, only 62% of the total public roads did not exceed their
service life. Table 1.4 presents more details regarding the percentages of the roads
that exceed their service life as a function of their importance.

LegendiLegench

Figure 1.1. Romania’s national road network (Wikipedia website) [5].
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Table 1.3. Percentage distribution of Romanian’s public road network based on their
territorial administrative importance and the type of their surface course, at the end
of 2019 (data from the National Institute of Statistics website) [4].

Total public roads 100%

Type National roads and  County roads Local roads
highways (20.69%) (40.61%) (38.70%)
Modernized roads 95.07% 42.30% 18.95%

Roads with semi-permanent

4.03% 37.70% 22.18%
surface course
Cobblestone roads 0.80% 15.14% 37.02%
Dirt roads 0.10% 4.86% 21.85%

Table 1.4. Percentage distribution of Romanian’s public road network based on their
viability, at the end of 2019 (data from the National Institute of Statistics website)

[4].

Percentage distribution of roads who exceeded their service life (%)
National roads and

County roads Local roads

highways
Roads with semi-permanent o o o
surface course (15.48%) 6.21% 68.79% 25.01%
Modernized roads - exceeded 69.32% 25.79% 4.88%

their service life (22.53%)
*Roads with modern surface course - do not exceeded their service life - 61.99%

Therefore, by analysing all the presented data it can be concluded that a
national program of rehabilitation and modernization of the Romanian’s public road
network is welcome in the near future.

It must be also mentioned that no data were found regarding the recycling
technologies and the amounts of Reclaimed Asphalt Pavement (RAP) that are used in
road industry in Romania.

1.1.2 Development policies for road network in Romania

The General Transport Master Plan (MPGT) of Romania, adopted by the
Romanian Government by H.G. no. 666/2016, is a strategic reference document that
defines the financing needs with those of territorial development of roads
infrastructure, having as a target the year 2030. The MPGT of Romania aims two
consecutive periods, 2014-2020 and 2020-2030. The main benefit of this Master Plan
is that it establishes a clear strategy for the development of road infrastructure as a
result of a process of analysis, diagnosis and prioritization of projects part of the
Trans-European Transport Network (TEN-T) [6].

The first objective of the H.G. no. 666/2016 was related to the implementation
of the projects provided in the MPGT which is the task of the National Company for
Road Infrastructure Management (C.N.A.I.R.). The main priorities are to continue and
to finish the projects for some important parts of the highways network until 2022:
Al Lugoj - Deva (lot 2, 3, 4) and A10 Sebes - Turda (lot 1, 2, 3, 4) [6]. Other
objectives are related to the rehabilitation or modernization of different main national
roads, the development of bypasses for the main cities and the construction of new
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express roads and highways. An important program which aims to recover the gap in
the development of Romania's transport infrastructure, any by ensuring the European
carbon reduction targets and the transfer to sustainable and safe mobility is the
Transport Operational Program 2021-2027 (POT 2021-2027).

Another national program which is still an on-going program, is the National-
Local Development Program (PNDL). This program represents the main source of
funding for local infrastructure and is based on the principle that in each locality from
Romania, a minimum set of public services must be provided. PNDL program covers
the following fields: health, education, water-sewerage, heat and electricity, including
public lighting, transport/roads, sanitation, culture, worship, housing and sports [7].

Regarding the road domain, the investment objectives that are financed under
this program include works for the construction/rehabilitation/modernization of part
of public roads such as county roads, local roads and/or public roads inside the
localities.

These two mentioned national programs are the most important policies
developed in Romania. However, even if these programs were adopted, some
difficulties appeared in their implementation, fact that is proved by the data presented
in the Global Competitiveness Report 2019 where Romania ranks 119t place (32.6
score out of 100) out of 141 countries in terms of road infrastructure quality. Also,
regarding the road connectivity Romania ranks 55t place (79.3 score out of 100) out
of 141 countries [8]. Figure 1.2a shows the index regarding the quality of road
infrastructure and Figure 1.2b shows the index regarding the road connectivity
obtained for the countries from the Eastern Europe (neighbouring countries of
Romania). Also, the values of the two index components obtained for the main poles
of the Western Europe (France, Germany and Spain) are reported in Figure 1.2.
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Figure 1.2. (a) Quality of road infrastructure score for different countries [8]; (b) Road
connectivity score for different countries [8].

As it can be observed, the roads quality from Romania is deficient proved by
the lowest score compared to the other Eastern European countries. A significant
difference can be observed between the quality of roads from the Western European
countries and the Eastern ones.

Regarding the road connectivity index, it can be observed that a better score
was obtained for Romania, compared with the other Eastern countries.

The deficit of road infrastructure is reflected in reduced mobility, insufficient
connectivity in some regions with a major impact on regional disparity (for example
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the North-East region), high transit traffic in many cities that do not benefit from
bypass, etc.

Also, at the end of 2019, Romania ranks last place in Europe in terms of length
of highway per 100 000 inhabitants. Unfortunately, in Romania, some parts of the
TEN-T road network were not built to proper standards related to the traffic needs
and to the connection which must be ensured. This leads to a weak interconnection
of the main economic and urban cities and with other nodes of intermodal transport,
such as ports and airports. On the other side, some areas have poor accessibility to
transport networks, which requires further investments for the national and county
roads. Therefore, the lack of an adequate road infrastructure has a negative effect on
the economy by increasing the time and costs of transport on that section, by
increasing fuel use and by increasing maintenance costs for the vehicles [9].

The importance of highways is well known, and it consists in creating modern
infrastructures which implies the regional development of the area, transit traffic
deviation, increase of the safety, time saving and reduction of pollution.

It is important to mention that in Romania there are no policies regarding the
reuse and/or recycle of materials in road domain even if there are some guidelines
and some norms regarding the recycling methods. A national strategy regarding the
reuse of the materials obtained by milling the old existing road pavements that
exceeded their service life in the idea of producing higher-performance bituminous
mixtures, is still missing. A proper strategy could be to impose the use of a minimum
percentage of Reclaimed Asphalt Pavement (RAP) in the production of new bituminous
mixtures. Such a strategy will lead in time to other strategies related to the increase
of the amounts of RAP materials in the idea of producing higher-performance
bituminous mixtures (‘up-cycling’). This up-cycling solution could be a key factor in
the sustainable development of Romania’s public road network.

A proper strategy of re-using the RAP materials, based on the experience of
other European countries and the European recommendations will become a key tool
for Romania. The sustainability principles such as increasing the re-used and recycled
content in products by ensuring their performance and safety, enabling
remanufacturing, high-quality recycling, reducing environmental footprints,
restricting single-use and improving product durability, reusability, upgradability and
reparability should be accomplished (European Circular Economy Action Plan, 2020).

1.1.3 Romanian infrastructure integration in the European transport
networks

Through its geographical position, its traditions and the open spirit of its good
neighbourly policies, Romania, with an area of over 238 397 km2 and 19.40 million
inhabitants, is part of the family of European countries, irreversibly committed to
integration into European and Euro-Atlantic structures. The location on the transit
corridor between Western Europe and the Middle East and the potential offered by
the natural advantages - a country bordering the Black Sea and crossed on a length
of 1075 km by the most important waterway in Europe, the Danube river, gave
Romania a favourable strategic position in the confluence of transport poles from
Europe, the Balkans and the Middle East.

The aim of the Romanian infrastructure integration in the European transport
networks is to promote the interconnection and interoperability of the existing
networks by focusing on some specific infrastructure arteries which are located along
the 10 Pan-European transport corridors that cross geographical areas of several
countries and connect the main economic and social centres.
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The construction and modernization of infrastructure networks located on
Pan-European transport corridors contributes to the gradual integration of Romania
into the family of European countries.
The instruments that formed the basis for the definition of Pan-European
transport corridors, which also include Romania, are the European agreements
developed within the UNECE (AGR, AGC, AGTC, TER and TEM) resulting from the three
Pan-European Transport Conferences in Prague (1991), Crete (1994) and Helsinki
(1997) and Decision of the European Parliament and of the Council no. 1692/96 / EC
of 23 July 1996 on guidelines for the development of the trans-European transport
network, as amended by Decision of the European Parliament and of the Council no.
1346/2001/EC of 22 May 2001. The 9 Pan-European transport corridors were
established at the Pan-European Transport Conference in Crete (March 1994). At the
third Pan-European Transport Conference from Helsinki, it was agreed to adjust the
Pan-European transport corridors by adding a new corridor to the 9 already defined.
4 Pan-European Transport Zones were also defined at this conference. Thus, Europe
is crossed by 10 Pan - European Transport Corridors and has defined 4 Pan - European
Transport Zones. Figure 1.3 shows a map of the Pan-European corridors.
As it can be observed, Romania is crossed by:
— corridor IV (Berlin - Nuremberg - Prague - Budapest - Arad - Bucharest
- Constanta - Istanbul - Thessaloniki);

— corridor VII (Danube, with the Sulina arm and Danube Canal - Black
Sea);

— corridor IX (Helsinki - St.Petersburg - Moscow - Pskov - Kiev - Ljubasevka
- Chisinau - Iasi - Bucharest - Dimitrovgrad - Alexandroupolis).

Starting from the definition of the Pan-European Transport Corridors, the Pan
- European Transport Network on the territory of the associated countries was defined
within the TINA project (Transport Infrastructure Needs Assessment). This network
will ensure the interconnection and interoperability between the transport network
(road, rail, inland waterways) at national and European level.

Nizhny Novgare d
[

Thessalonik

Figure 1.3. Pan-European corridors (Wikipedia website) [10].



1.2 Bituminous mixtures and their components 23

1.2 Bituminous mixtures and their components

A bituminous mixture can be defined as a composite material which is
produced, by using a specific technology, by mixing a mix of mineral aggregates,
generally considered as the ‘rock part’, and a bitumen that acts as a binder [11]-
[13]. Also, the air voids, the voids not filled with binder, represents the third
component of a bituminous mixture.

Bituminous mixtures are composite materials whose properties are dependent
on the characteristics of the component materials: aggregates, bitumen, filler. In
order to know the final product, an in-depth study of each component is needed.

In Romania, all bituminous mixtures (Hot Mix Asphalt) produced only with
virgin materials must meet the requirements specified in the Romanian Standard AND
605 [14]. This Standard presents the technical conditions for the design, production,
transportation, laying and compaction of different types of bituminous mixtures,
together with the quality control provisions of materials, technology and the
compacted bituminous layers.

In the following subsections, a short overview of the main mix design
parameters of a bituminous mixture produced with virgin materials with a 16 mm
maximum aggregate size used for a surface layer, together with the requirements
specified in the Romanian Standard AND 605 and the European Standard, is
presented.

1.2.1 Aggregates

The properties of the aggregates are fundamental in the design of a
bituminous mixture due to the fact that this rock part represents approximatively 95%
of the total mass of a bituminous mixture and 80-85% of its total volume [11].

In the production of a bituminous mixture different homogenous aggregates
fractions, which constitute the skeleton of a mixture, are used. Usually, in Romania,
the aggregates used to produce bituminous mixtures with 16 mm maximum
aggregate size are quarry crushed aggregates fractions 0-4; 4-8 and 8-16, natural
sand (rounded aggregates) fraction 0-4 and limestone filler.

The requirements that each aggregate fraction must fulfil in order to be used
in the production process of asphalt mixtures are well defined in AND 605 [14], which
are in accordance with the specifications from SR EN 13043 [15], and they refer to
the size and shape of the granules, the nature of the rock, the granularity, etc. All
aggregates must be clean, must have a good adhesiveness to the bitumen used, must
have adequate mechanical strength and must be resistant to wear.

According to the Romanian Standard AND 605 the following physical-
mechanical characteristics of each aggregate fraction must be determined, and the
result obtained must respect the limit values specified in Tables 5, 6, 7, 8 from AND
605 [14]:

— grading curve;

— purity-fine particles (63um);

— shape index;

— flakiness index;

— dry real density;

— water absorption;

— resistance to fragmentation - Los Angeles coefficient (fractions 4-8 and 8-
16);

— resistance to wear - micro-Deval coefficient (fractions 4-8 and 8-16);
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- freeze/thaw resistance (fractions 4-8 and 8-16);

— sand equivalent index (natural sand 0-4);

— methylene blue value (fraction 0-4);

- affinity between aggregate and bitumen (fractions 4-8 and 8-16);

— adhesivity between binder and aggregate - spectrophotometric method
(fractions 4-8 and 8-16).

1.2.2 Bituminous binders

According to Permanent International Association of Road Congresses
(PIARC), the term bitumen (binder) is defined as a "very viscous or nearly solid,
virtually involatile, adhesive and waterproofing organic material derived from crude
petroleum or present in natural asphalt, which is completely or nearly completely
soluble in toluene” [16].

The main source of the bitumen used in the road industry is crude oil (heavy
crude oil) refining. There are various manufacturing processes of bitumen (depending
on the equipment and the source of the heavy crude oil) which are based on the
separation of the lighter fractions from the residues.

Depending on the refining and manufacturing processes, the most common
types of bitumen are:

— straight run bitumen (obtained from atmospheric and vacuum distillation);

— air-rectified bitumen (obtained by increasing the asphaltene

concentration);

— cutback bitumen (obtained by decreasing temporarily the viscosity of

binders by adding volatile solvents);

— fluxed bitumen (obtained by decreasing the viscosity of binders by adding

non-volatile products);

— multi-grade bitumen (obtained by air rectification in order to lower their

temperature sensitivity);

— modified bitumen (obtained by adding one or more additives);

— bitumen emulsions.

In the European method (based on semi-empirical tests) the binders are
classified according to their penetration value determined at 25°C measured
according to SR EN 1426 [17].

The systematization of a road bitumen, according to the European Standard
/Romanian Standard SR EN 12591 [18] is the following: AA/BB
where:

AA - the minimum value of the penetration at 25°C of a binder (1/10 mm);
BB - the maximum value of the penetration at 25°C of a binder (1/10 mm).

The Superpave Performance Grade (PG) method is a classification system
used and developed in the United States in the framework of the Strategic Highway
Research Program (SHRP) [19]. In this method the semi-empirical tests used in the
European classification were replaced with some specific test in order to measure the
rheological properties of binders. Therefore, in this PG system the binders are
characterized by two critical temperatures (high and low) that represents the extreme
temperatures.

The systematization of a road bitumen, according to the PG system is the
following: PGAA-BB
where:

AA - the high critical temperature in which the binder should resist rutting (°C);
BB - the low critical temperature in which the binder should resist cracking (°C).
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In the Romanian Standard AND 605 there are some requirements that must
be taken into consideration when the type of binder is chosen. These specifications
are related to the technical class of the road (determined as a function of the traffic
intensity for an imposed perspective period), the climacteric zone and the minimum
binder content in % by mass of the total mixture. As an example, for a road classified
as being in the third technical class located in warm area (according to Annex A from
AND 605), for a bituminous mixture produced with a 16 mm maximum aggregate size
used for a surface layer, the minimum binder content is 5.70% by mass of the
mixture. However, this minimal value can be corrected as a function of the real density
of the aggregates.

In Romania, the optimal binder content is determined as a function of the
specific surface of the aggregates according on the French method that was developed
by Duriez [20]. Therefore, for a given grading curve an optimal binder content is
defined in order to assure an adequate aggregate coating and by achieving at the
same time the greatest compactness and the best homogeneity in hormal conditions
executed on site.

The specific surface of aggregates S is calculated as follows:
100S =0.17A+0.32a +2.30N +12n + 135f (1.1)

where:

S - specific surface, in m2/kg;

A — percentage of aggregate particles larger than 8 mm);

a — percentage of aggregate particles between 2 mm and 8 mm;

N - percentage of aggregate particles between 0.125 mm and 2 mm;

n - percentage of aggregate particles between 0.063 mm and 0.125 mm;
f — percentage of filler particles smaller than 0.063 mm.

The relation used to establish the optimal binder content reported per 100
parts of aggregates is [20]:

b=a-k-JS (1.2)

where:

b - percentage of binder reported per 100 parts of aggregates, in %;

a - coefficient depending on the density of the aggregates (a =1 for a density of the
aggregates = 2.65 g/cm3);

k - richness modulus related to the conventional thickness of the bitumen film coating
aggregates;

S - specific surface calculated with the equation 1.1, in m?/kg.

The binder content expressed as the percentage of binder mass of the total
mass of the final bituminous mixture is calculated using the equation 1.3.

+ 100-b

b = 1.3
100+b (1.3)

where:

b - the binder content (%) from the mass of the bituminous mixture.

For the same grading curve, depending on the percentages of bitumen b', a
series of bituminous mixtures must be produced in order to determine the physical-
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mechanical characteristics, following the Marshall mix design. Therefore, as a function
of the obtained results and according to the limitations imposed by AND 605 regarding
the physical-mechanical parameters of bituminous mixtures, an optimal binder
content will be chosen.

1.3 Recycling of bituminous materials

Over the last decades, many research efforts were spent to find better
solutions to increase the amounts of recovered/recycled and renewable materials
used in the road construction industry.

Roads, as all the other types of constructions require during their lifetime or
at the end of it, several interventions such as rehabilitation, modernization,
resurfacing, reconstruction, etc. in order to ensure the safety and comfort of the traffic
participants. The Reclaimed Asphalt Pavement (RAP) refers to the term used for the
material obtained by milling or by full-depth removal of the old asphalt pavement.
The RAP material is considered 100% recyclable and its use in the production of new
asphalt mixtures leads to important benefits as cost reduction or conservation of
energy, virgin aggregates and binders, etc. [21], [22].

According to the Directive 2008/98/EC on waste (Waste Framework Directive)
[23] the waste legislation and policy of the European Union countries the waste
management hierarchy presented in Figure 1.4 should be applied.

Most of construction materials can be only recyclable. On the other side, the
asphalt is one of the few construction materials that is 100% reusable. Therefore,
asphalt materials are considered as 100% reusable and recyclable materials.
According to the Technical Briefing (2020) of the European Asphalt Pavement
Association (EAPA) ‘the reuse of the existing road material shall always be the first
option and the recycling the second one’ [24].

Product (non-waste)

Most construction materials
can be only recycled

Asphalt — 100% reusable

Figure 1.4. Waste hierarchy stablished by the Directive 2008/98/EC on waste [23],
[24].

For economic and environmental reasons, the use of Reclaimed Asphalt
Pavement (RAP) in the production of new bituminous mixtures HMA (hot-mix asphalt)
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[22], [25]-[28] and WMA (warm-mix asphalt) [29], [30] has become a common
strategy for the construction and maintenance of roads.

During recent years, many countries have developed various policies based
on the sustainability in the road domain, based on the recovery, the reuse, the
recycling of materials in order to produce new eco-friendly materials.

According to the Annual Technical Report from 2018 in USA the asphalt
industry is considered ‘the most diligent recycler’, where more than 99% of RAP
material is being reused and 82.2 million tons of RAP material are used in new
bituminous mixtures [31].

On the European side, according to the European Asphalt Pavement
Association (EAPA) the amount of RAP material available in various European
countries, at the end on 2018, was 49.50 Mt. Table 1.5 shows the available amounts
of RAP materials and the percentages of re-use and recycling of reclaimed asphalt in
2018 in 16 European countries [24].

As it can be observed in Table 1.5 the highest percentages of RAP material
correspond to Germany (26% of total available RAP in 2018 in Europe), Italy (18%),
France (16%), Great Britain (12%) and 28% for the other countries.

According to these data, in 2018, in Europe, near to 76% of the total available
RAP material was reused in the production of a new hot/warm/cold bituminous
mixture (71% hot or warm mix asphalt + 5% cold mix asphalt), 20% recycled of total
and 4% used in other applications or put to landfill.

However, the reuse of RAP in the production of new bituminous mixtures is
not very popular in Romania as there is no reporting data regarding the reuse of such
materials.

Table 1.5. Reuse and recycling of reclaimed asphalt in 2018 - Europe [24].

Couniry % of available reclaimed asphelt Applied area | The amount of
inmZofhot | “only” rehected
Al available it gt | el e
Reclaimed | Re-usein Hot| Re-use in Re-use i Recydi Usein | Puttolandfill|  pavement / on the roud
Asphaltin | and Warm | HalfWarm | S0 | AN | other Civil | /Other | materialinsity | Remixing,
2018 in Mix Asphalt | Mix Asphalt Rec colin . Ill';ndnl.q nrs Engineering | Applications/ / (;:n:‘h;i;“d R”::P;’:‘"g -
fonnes Production | Production yeling Ye'S | Applications |  Unknown Rgpnvingg,' Trai: Qz“) in
Reshaping, Road | mettic tonnes
Train efc.)
Austria 1.900.000 70 30 no data no data
Belgi 1.687.000 100 0 0 0 0 0 no data no data
Croatia 200.000 no data no data no data no data no data no data no data no data
Czech Republic| 2.700.000 12 0 25 25 10 28 >400000 >420000
Denmark 1.185.000 68 no data no data 7 0 25 no data no data
Finland 1.300.000 100 0 0 0 0 0 8200000 no data
France 7.817.000 73 10 no data no data no data no data 1589300 286360
Germany 13.000.000 82 0 0 18 0 0 no data no data
Great Britain | 6.100.000 30 70 no data no data
Hungary 200.000 70 0 0 10 1 19 no data no data
ltaly 9.000.000 no data no data no data no dafa no data no data no data no data
Norway 1.004.000 34 0 0 66 0 0 no data no data
Slovakia 150.966 82 0 2 12 1 0 135627 16624
Slovenia 106.200 24 0 5 0 0 61 no data no data
Spain 1.165.000 76 0 9 15 0 1 no data no data
Turkey 1.965.000 1 0 0 99 0 0 no data no data

The only data reported for Romania regarding the processes of reusing or
treatment of the construction waste were found for the year 2016 according to the
European Environment Agency [32].

Figure 1.5 shows the percentages reported for 30 European countries
regarding the treatment of the mineral part of construction and demolition, waste
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treatment (% of treated waste). For 2016 a total of 374 million tonnes of construction
and demolition waste were reporter for all countries presented in Figure 1.5.

A comparison between the data reported for Romania and the average values
obtained for all European countries (from Figure 1.5) was made, as shown in Table
1.6.

Table 1.6. Construction waste data reported in 2016 for Romania and the average
values obtained for all European countries.

Romania (2016) Average European values
(2016)
- recycling: 48.4% - recycling: 82.8%
- backfilling: 36.4% - backfilling: 5.6%
- energy recovery: 0.2% - energy recovery: 0.6%
- incineration: 0% - incineration: 0%
- landfill and other: 15.0% - landfill and other: 11.0%

It can be observed that in Romania the recycling of waste construction
materials is a half of the European average value. Unfortunately, these materials are
used as backfilling (the value reporter for Romania is six time higher than the
European average value). Therefore, these data confirm the need of a national
strategy in Romania regarding the reuse of asphalt materials.

In many reports the RAP material is considered as being a waste material.
Nevertheless, as this RAP material is considered 100% reusable in the production of
new mixtures or in the maintenance of roads and 100% recyclable in other
applications, the specialists from EAPA recommends ‘to never consider asphalt as
waste’ [24].

100%
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¥ | =
. > & E - 5 o E 3 y - =
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i energy recovery
I recycling B incineration
backfiling M \andfill and other

Figure 1.5. Mineral waste from construction and demolition, waste treatment in
European countries in 2016. Source: European Environment Agency [32].
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In the production process of a bituminous mixture containing RAP material,
fresh aggregates must be used depending on the amount of the RAP material and its
characteristics in order to obtain the desired grading curve of the final mix. The mix
also needs a fresh binder - usually a softer binder is needed - in order to ensure the
optimal binder content of the final mix. Regarding the production of an eco-friendlier
bituminous mixture containing high amounts of RAP material, many studies showed
the potential of renewable materials such as vegetal oils to regenerate the hard-aged
RAP binder and finally to improve the mix characteristics [33]-[36].

Due to the long-term aging process, the physical and rheological properties
as well as the chemical structure of the RAP-bitumen suffer irreversible changes [37],
[38]. For these reasons, in order to achieve an adequate workability and good
mechanical performance of a new bituminous mixture containing RAP material, a
softer bitumen [39], [40] and when high amounts of RAP (30% or more) some
rejuvenators [33], [41]-[45] could be used.

Many studies showed the efficiency of using vegetal oils by evaluating the
conventional properties (such as penetration, ductility, Fraass temperature, ring and
ball temperature), fatigue or complex modulus of final blends produced with these
products, different RAP binders and different base fresh binders [25], [46]-[50].

In the following sections an overview of the requirements and the
characterization of RAP material and rejuvenators, together with the normative
specifications for the production of bituminous mixtures with RAP material and
rejuvenator are presented.

1.3.1 Reclaimed Asphalt Pavement (RAP) material
1.3.1.1 RAP material characterization

As already mentioned, the RAP material is an aged material due to the long-
term aging process. Therefore, the physical and rheological properties as well as the
chemical structure of the bitumen from the RAP material suffer irreversible changes
during the lifetime of the road. On the other side, the aggregates from the RAP
material suffer a degradation process due to the traffic combined with the exposure
to meteorological phenomena.

In Europe, the RAP material must be classified and characterized by
performing the tests required by SR EN 13108-8 [51]. This Standard is also applied
in Romania.

A PSD (Particle Size Distribution) analysis must be performed on the
reclaimed asphalt. Some requirements must be respected, related to the water
content of the RAP material, before drying for PSD analysis, that should be lower than
3% and the grading curve which must be between 0/20 mm and 0/31 mm. Also, the
material retained at 25 mm must be lower than 7%. According to the EN 13108-8 the
maximum size of the RAP material must be declared.

According to the above-mentioned European Standard, the RAP material is
classified and characterized in function of the possible foreign matter incorporated,
the type and properties of the binder and the characteristics of the natural aggregates.

Regarding the foreign matter, in EN 13108-8 [51] this term is defined as the
other materials incorporated in the RAP material, different from the aggregates,
divided in two groups: group 1 (concrete, metal, bricks, etc.) and group 2 (wood,
plastics, etc.). By determining the foreign matter content [52], the RAP material can
be classified in three categories (Fi, Fs and Fgec) [51].
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As already mentioned, a very important step in the characterization of the
RAP material is related to the determination of the binder properties. The binder from
the RAP material must be extracted and recovered [53], [54] and the penetration
[55], softening point [56] and the viscosity [57] of this RAP binder must be evaluated.

Also, it is very important to know the type of the binder that was used (paving
grade binder, hard grade binder or modified binder), based on the documentation and
the declared information of the road network administrators. Therefore, the reclaimed
asphalt shall be declared as a function of its penetration, softening point and viscosity
of the RAP binder.

The mean grading curve of the aggregates [58] obtained after the binder
extraction from the RAP material must be determined. Some requirements related to
the RAP aggregates grading curve must be taken into consideration: grading curve
must be between 0/10 mm and 0/14 mm and the filler content must be between 8%
and 12%. Other laboratory tests can be performed in order to evaluate the resistance
to fragmentation or the resistance to wear of the RAP aggregates.

1.3.1.2 Bituminous mixtures produced with RAP material

Towards the end of the normal duration of exploitation of bituminous coating
(10 years), the dynamics of the evolution of the technical condition is a degrading
curve, with an increasing slope, which translates into a pronounced degradation of it
in the coming years. At this moment it is time to carry out preventive maintenance
work, which will have a major impact not only on improving the technical condition of
modernized road sectors, but also on future maintenance costs, by significantly
reducing them. In Figure 1.6 the evolution curve of the technical condition with the
qualitative highlighting of the intervention moments through different types of
preventive maintenance works was plotted [59], [60]. These types of works are also
provided in the Romanian Guide AND 554-2002 [61].
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Figure 1.6. Pavement condition versus time [59], [60].

The durability of the road structures during the operation life of the road must
also be implicitly linked to the periodicity and quality of the maintenance. Thus, many
studies [59], [60] shows that the first periodic maintenance work must be performed
before reducing the overall technical index by more than 40% and consuming about
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75% of the design operating time. The delay in carrying out the maintenance work
leads to a rapid deterioration of the technical condition, reaching a point that
practically requires the reconstruction of the road structure (to decrease the technical
condition index by about 80% and consuming about 87% of the designed life). The
technology adopted for maintenance in this first stage depends on the existing
financial resources and the maintenance strategy adopted by each road
administration. However, the adoption of a maintenance solution, before reaching the
critical threshold of technical condition, leads to the extension of the initial service
life.

The use of RAP in new bituminous mixtures is a technique which is more and
more used for the construction of new pavements or for maintenance of road
structures for sustainable reasons [22], [25], [28], [30], [62]-[70].

The recycling of bituminous materials obtained by milling the old deteriorated
layers, RAP materials, can be performed either directly in the place, ‘in-situ’ recycling
or by using this material in an asphalt mix plant and transferred to the field, ‘asphalt
mix plant’ recycling [71].

The following recycling methods are well known among the literature in the
road industry [72]-[74]:

— hot in-place recycling;

— hot recycling: Hot Mix Asphalt (HMA) and Warm Mix Asphalt (WMA)

containing RAP materials;

— cold recycling: cold in place recycling or cold central plant recycling.

The hot in-place recycling is the recycling method where the existing
deteriorated pavement is softened with heat and scarified or milled to a specific depth.
The scarified material is then mixed with or without virgin materials and/recycling
agents (rejuvenators) and/or other additives in order to produce an HMA or a WMA.

There are three main hot in-place recycling processes: surface recycling,
remixing and repaving. The surface recycling method was described above. In the
remixing method the scarified material is combined with a new virgin bituminous
mixture HMA, mixed in a pugmill and then placed and compacted. The repaving
process represents a combination between the surface recycling process with a
bituminous mixture (HMA or WMA) overlay placed and compacted at the same time
[74].

In Romania the specifications regarding the application, the preliminary
determinations, the type of the recycled bituminous mixtures, the materials, the
physical-mechanical characteristics of the final product and other requirements
regarding the hot in-place recycling are described in the Romanian Standard NE-026-
2004 [75]. However, this Standard is considered as obsolete and must be updated
due to the fact that many Standards which are referred in this old version, were
replaced or cancelled.

HMA and WMA recycling is the method in which the RAP material (milled and
crushed) is combined with virgin materials and/or rejuvenators and/or additives in
order to produce in an asphalt plant an HMA or WMA. In Romania the specifications
regarding the hot in plant recycling are described in the Romanian Standard DD-509-
2003 [76]. The same comment is valid for this Standard as for the one regarding the
hot in-place recycling, an updated version of this Standard is recommended.

The cold recycling method which does not involve heat processes, can be of
two types:

— cold in-place recycling where the deteriorated pavement is milled and

manipulated in place, a bitumen or emulsions is added, and the final
product is recompacted. This method is usually used.
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— cold central plant recycling where the material from the existing pavement
is removed and transported to a plant where it is crushed and screened,
then an emulsion or a foamed bitumen is added, and the mixing process
is performed. The final product is then transported back for paving.

The specifications regarding the application of the cold recycling method in
Romania, are described in the Romanian Standard AND 532-1997 [77]. Similar
comment can be made here as in the case of the other Romanian Standards for the
asphalt recycling, an updated version of this Standard is recommended.

1.3.2 Rejuvenators
1.3.2.1 Types of rejuvenators

Various studies highlighted that when more than 20% of RAP material is used
in new asphalt mixtures it lead to an increase of complex modulus and to
deteriorations on fatigue life of final mixtures [27], [28], [30], [78]-[80].

In order to increase the amount of RAP material and to improve the mix
characteristics, many studies showed the potential of rejuvenating agents to
regenerate the hard-aged RAP binder and finally to induce a positive effect on the
mechanical characteristics of the final product which can be considered as an eco-
friendlier bituminous mixture [33]-[36].

The use of rejuvenators was first introduced in 1960 as preservation
treatment of pavement with the primary role to restore the physical and chemical
characteristics of the hard-aged RAP binder [81].

In the literature, the term ‘rejuvenator’ is used as a general term for many
products such as softening agents, fluxing agents (flux oil, slurry oil, etc.) with the
main scope to decrease the viscosity of the RAP binder. Same term is usually used
for another product category which can be called 'real rejuvenators’ that must restore
the physical-chemical and rheological properties of the aged binder [82], [83].

The difference between these two rejuvenator categories is that the real
rejuvenators contain a higher amount of maltene constituents that must restore the
balance between asphaltenes and maltenes from the aged RAP binder, compared to
the softening agents. Also, they can have a positive effect on the ductility,
cohesiveness, adhesivity and relaxation characteristics of the aged binder [84].

Based on the material source, the rejuvenators/recycling additives used for
asphalt materials were classified in NCAT (2014) [85], as it is highlighted in Table 1.7.

Table 1.7. Types of rejuvenators according to NCAT (2014) [85].

Category Description
Paraffinic oils Refined used lubricating oils.
Refined crude oil products with polar
aromatic oil components.
Engineered hydrocarbons for asphalt
modification.
Derived from vegetable oils.
Triglycerides and fatty acids | *has other key chemical elements in
addition to triglycerides and fatty acids.
Paper industry by-products.
Tall oils Same chemical family as liquid as liquid
antistrip agents and emulsifiers.

Aromatic extracts

Nathenic oils
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It should be mentioned that this classification does not consider the
performance differences that could be achieved by using a product that is part of one
of the categories presented in Table 1.7, regarding the physical, chemical and
rheological properties and the production process of the final mix.

Nowadays, many products including vegetal oils or recycled waste oils have
been used as regenerating agents in order to mobilise the RAP bitumen with a double
benefit of increasing RAP content and achieving good performances of the new mix
[86]-[88].

Shen, Amirkhanian, and Miller (2007) [45] applied the PG binder testing
method in order to obtain the optimal rejuvenator content for which the similar
properties (in terms of DSR and BBR) were obtained for a binder blend (fresh binder
+ RAP binder + rejuvenator) as for the used virgin bitumen. On the other side, Karki
and Zhou (2016) [89] highlighted that the type of the rejuvenator, the amount and
the level of aging of the aged binders play an important role in the determination of
the optimum rejuvenator content. The laboratory investigation of various binder
blends showed that the effect of rejuvenators on aged binders consists in a reduction
of stiffness, oxidation and cracking potential. Moreover, the above-mentioned
researchers showed that the investigated rejuvenators had a lower influence on the
high PG temperature and a greater influence on the low PG temperature. Therefore,
the selection of a rejuvenator and its proper dosage based on only one direction could
not meet all the specifications of a fresh virgin bitumen.

Nsengiyumva et al. (2020) [90] investigated the effects of different types,
dosages and treatment methods of three rejuvenators on the properties of several
binder blends and mixtures. One of the conclusions of this study was that the PG
binder testing combined with chemical investigation can be successfully used in order
to determine the optimal dosage and the effect of each rejuvenator.

The conclusions of recent studies focusing on conventional properties
(penetration, ductility, softening point), rheological properties (complex modulus) and
fatigue resistance show the capability of vegetal oils to rejuvenate hard aged binders
and to provide a final product with similar properties to fresh binders [47]-[50], [91]-
[93].

Also, the potential of bio-oils to be used as rejuvenators in bituminous
mixtures containing RAP or RAS by diminishing the effect of the increase in stiffness
due to the presence of the aged materials [94]-[96] and also in blends with aged
binders by restoring to a significant extend the properties of the aged binder [97],
[98].

1.3.2.2 Requirements

In order to use a product as a rejuvenator it must fulfil certain
specifications/requirements related to the ‘real role’ of it, as follows:

— to restore the maltene characteristics;

— to reactivate the hard-aged RAP binder not just to soften or to plasticize
the binder;

— it must have a high flash point;

— to reduce cracking of asphalt mixture;

— to maintain or to improve the rut resistance the asphalt mixture;

— the diffusion and dispersion must happen readily, and it must maintain the
miscibility with RAP binder;

— it should be non-hazardous;

— it should present a stability over a wide temperature rage;
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— it should not present any evaporation or exudation during the lifetime of
the asphalt mix;

— other requirements depending on the specifications from the country or
the administration agency where this solution is intended to be
implemented.

Studies showed that rutting issues (permanent deformation of the pavement
at high temperatures) and thermal cracking of bituminous mixtures produced with
rejuvenators do not always occur if two essential aspects are considered: the diffusion
and dispersion of the rejuvenator into the aged binder within a RAP material (the
rejuvenator needs a proper time to establish a stable chemical bond with the bitumen)
[99]-[101] and the use of an optimum percentage of the rejuvenator [26], [29], [41],
[45], [102]-[104].

The diffusion of the rejuvenator into the hard-aged binder which is influenced
by its dispersion rate (viscosity of the maltene), is a process that happens during the
mixing and construction stages and it stops after a considerable period [105].
Carpenter and Wolosick (1980) [106] defined the four-step diffusion process of an
additive/rejuvenator into the aged asphalt and Zaumanis et al. (2017) [107]

illustrated this process in Figure 1.7.
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Figure 1.7. Diffusion stages of rejuvenator according to Zaumanis et al. 2017 [107].

The diffusion of the rejuvenator into the RAP binder can be investigated by
evaluating the chemical components and the conventional properties of the
rejuvenator coated-aged binder and Feng et al. (2011) [108] highlighted that this
diffusion process can be improved by increasing the time and temperature.

When renewable materials are used for binders and bituminous mixtures, they
must fulfil certain essential requirements related to the health and safety of the users
and as well as of the environment, their use must be an economically solution which
should give some performance benefits and as well they must be recyclable and
available in large quantities without suffering changes during the transport, storage
and mixing process [34].

Recent studies highlighted that when a proper dosage of bio-oils, such as
waste cooking oils, are used as modifiers/rejuvenators, an improvement of the
performances (fatigue cracking resistance, low-temperature cracking resistance, etc.)
of the HMA'’s produced with RAP material, and their corresponding binder blends, was
observed. Moreover, it was indicated that the rejuvenator has a positive effect by
reducing the effect of the long-term aging of the corresponding binder blends (for an
HMA produced with 40% up to 60% RAP material and an optimal percent of
rejuvenator) and finally it can lead to a Superpave grade of a fresh binder [109],
[110].

Over the last years many methods were developed in order to determine the
optimum rejuvenator content starting from the theory that the rejuvenator amount
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must be determined from the virgin bitumen with respect to the amount of the hard-
aged binder.

Shen et al. (2007) [45] proposed a method in order to obtain the optimum
rejuvenator content based on the temperature blending charts determined at high
and low temperatures by measurements performed with DSR (Dynamic Shear
Rheometer) and BBR (Bending Beam Rheometer). Therefore, the dosage of
rejuvenator for which the same properties (in terms of DSR and BBR) were obtained
for a binder blend as for the used virgin bitumen was considered the optimum content
of rejuvenator.

In 2018, Lee et al. [101] proposed a similar method in which the BBR tests
were performed on long term aged binder blends (PAV aging) and the optimum
rejuvenator content was considered when a similar PG low temperature of a binder
blend was obtained as the one obtained for the fresh binder.

Usually, the rejuvenators are incorporated into an asphalt mixture that
contain RAP material based on the producer/manufacturer’s recommendations
regarding the optimum dosage of the rejuvenator.

Most of the time the recommended optimum amount of rejuvenator is
expressed from the percentages of RAP or RAS materials with respect to the total
weight of final mixture. Bennert et al. (2015) [111] and Haghshenas et al. (2016)
[112] used different additives/rejuvenators in the dosages recommended by the
manufacturers and they investigated the behaviour of the final materials in order to
verify the effect of the rejuvenator. They concluded that the recommendations given
by the manufacturers regarding optimum dosage of rejuvenator can be considered
valid but still preliminary investigation is needed in order to know if the rejuvenator
is ‘compatible’ with the aged RAP binder and the fresh binder, if used.

1.3.2.3 Bituminous mixtures produced with RAP material and
rejuvenators

Regarding the production of bituminous mixtures containing RAP material and
rejuvenator there are different processes related to the type of the chosen recycling
method, the type of the rejuvenator (recommendations of the manufacturer) and
other requirements depending on the specifications from the country or the
administration agency where this solution is intended to be implemented.

As an example, in Romania for bituminous mixtures realized with RAP
material, rejuvenator and fresh crushed aggregates, the mixing temperature
according to the Romanian Standard AND 605 [14] and DD 509 [76] is 160+10°C.
Other requirements are related to the actual production process as follows:

— the virgin aggregates should be preheated at 160+10°C for 12 hours;

— the fresh binder should be preheated at 160+£10°C for 4 hours;

— the RAP material should be preheated at a 165+10°C for 2 hours;

— usually the rejuvenator is added at ambient temperature (no heating

process needed).

As described in the above sections, it is very important firstly to know the
characteristics/properties of each materials separately, and then to investigate the
compatibility between them.

By investigating the interaction between a virgin binder and a RAP binder,
Noferini et al. (2017) [49] showed that the rheological properties and the viscosity of
the binder blends are little influenced when less than 10% of RAP material is used in
the asphalt mixtures. Therefore, the effect of the RAP binder is significant on the
properties of binder blends when more than 10% RAP material are used in the
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production of new asphalt mixture. In this case, recycling agents or rejuvenators are
frequently used in order to increase the amounts of RAP and to assure a good
workability and satisfactory mechanical properties of the final mix.
The potential of different recycling agents to rejuvenate the aged RAP binder
was highlighted in various studies by evaluating the rheological or conventional
properties, of various binder blends and also by investigating the effect of
rejuvenators on the thermomechanical performances of bituminous mixtures
(produced with RAP material). Mogawer et al. (2013) [48] showed that rejuvenators
can mitigate the stiffness of the rejuvenated binder blends and the cracking
performances of the corresponding bituminous mixtures were improved. However,
when the rejuvenator is not used in a proper dosage it can lead to an adversely impact
on the moisture susceptibility and the rutting performances of mixtures.
Zaumanis et al. (2014) [113] used the Superpave PG tests in order to
determine the optimum dosage of six rejuvenators and highlighted that a proper
amount of rejuvenators can reduce the performance grade of a rejuvenated binder
blend to the level of a fresh binder, can ensure excellent rutting resistance, good
cracking performances and can provide a longer fatigue life of 100% recycled asphalt
mixtures. Therefore, the type and the optimum dosage of rejuvenators play an
important role on the behaviour of binder blends and bituminous mixtures produced
with RAP binder/material.
Nowadays many products of vegetal origin are used as rejuvenators.
Mangiafico et al. (2017) [47] showed that the addition of a recycling agent of vegetal
origin into recycled bituminous mixtures can reduce the norm of complex modulus
and when more than 40% of RAP material were used, an improvement on the fatigue
performances was observed.
Menapace et al. (2018) [91] and Oldham et al. (2018) [50] concluded that
the reduction of stiffness should not be used as a single indicator of the rejuvenation
effect of a recycling agent. A true rejuvenator should lead to a restoration of both
stiffness and morphology of the final binder blends. Therefore, the selection of a
rejuvenator and its proper dosage based on only one direction could not meet all the
specifications of a fresh virgin binder.
The conclusions of several studies and the purposes of several ongoing
research programs that are focusing on the investigation of the influence and the
effect of various RAP materials and different rejuvenators on the final performances
of the mixtures can be summarized as follows:
— rejuvenators can improve the permanent deformation of final bituminous
mixtures - conclusions of Haghshenas et al. (2016) [112], Zhou et al.
(2015) [114];

— the long-term performance of rejuvenators may not exhibit stability when
exposing to high temperature for a long period of time - conclusion NRRA
report (2020) [115];

— rejuvenators can reduce the moisture resistance - conclusion of
Haghshenas et al. (2016) [112], Tran et al. (2012) [116], Hajj et al. (2013)
[44], Im and Zhou (2014) [117];

— rejuvenators can reduce the stiffness of the final mixtures - conclusions
from Tran et al. (2012) [116], Hajj et al. (2013) [44], Im et al. (2014)
[117];

— rejuvenators may improve the resistance to cracking of the final mixtures
- conclusions of Tran et al. (2012) [116], Hajj et al. (2013) [44], Im et al.
(2014) [117];
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— rejuvenators improved the fatigue resistance and they can provide fatigue
resistance even after expended hours of aging - conclusions from NRRA
report form 2020 [115];

- low temperature cracking susceptibility of mixtures produced with RAP
material is improved when rejuvenators were used. Also, even if the
mixtures were subjected hours of aging, this process did not cause an
important effect on the low cracking temperature — conclusions from NRRA
report form 2020 [115], Lee et al. (2018) [101].

1.4 Thermo-mechanical behaviour of bituminous materials

Flexible and semi-rigid road pavement structures are the most widespread,
both in Romania and worldwide. Therefore, complex studies of these structures which
involves different combinations of layers of different materials realized by different
techniques, subjected to loads from various factors (traffic, climatic conditions), are
still needed.

Due to the increase of the intensity of road traffic and the increasing axle
loads and tire pressures of vehicles combined with the climate changes, the problem
of the structural design of roads was and still is a topic of major importance.

Therefore, these two types of load acting on the pavement are reviewed in
the following section (Section 1.4.1) and further the thermo-mechanical behaviour of
binders (Section 1.4.2) and bituminous mixtures (Section 1.4.3) are described.

1.4.1 Load acting on flexible and semi-rigid pavement structures

The diversity of the types of vehicles as well as of the temperature variations
resulted in the last 20 years, creates a real difficult decision regarding the
quantification of these loads when a structural design of a flexible or of a semi-rigid
pavement structures is performed.

According to the mechanical models of operation of road structures, as well
as the structural design calculation methods developed so far, vehicles with various
axle loads are transformed into an equivalent number of standard vehicles, with a
certain axle load, based on certain factors obtained from theoretical or experimental
criteria. The establishment of these equivalence coefficients involves the grouping by
type of vehicle (by axle load) and the determination of the equivalence coefficient for
each group of vehicles, based on the characteristics of a representative vehicle. This
implies a deviation from the actual demand, given the different characteristics of the
vehicles in a given group, as well as the share of each type within that group [118].

According to Di Benedetto and Corte (2005) [12] and Huang (2004) [119],
the road pavements can be modelled as multi-layer systems of a certain number of
infinite slabs where the interface between two consecutive layers can vary from being
full friction (bound) to full slip (unbound).

The effect of traffic on a pavement structure leads to the appearance of
horizontal tensile stresses and strains at the bottom of each layer and to vertical
compressive stresses and strains in cross section, under the wheel, as shown in Figure
1.8 [12], [120], [71].

After a repeated number of passes (traffic load) at the bottom of layers the
fatigue phenomena can occur. On the other side, in vertical section the rutting
(permanent deformation) phenomena can appear.
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Figure 1.8. Scheme of traffic load and corresponding pavement response [12], [71],
[120].

Usually, the pavement response is determined depending on the number of
layers and the traffic load, by considering an isotropic linear elastic multilayer model
for each layer.

The climatic conditions that can intervene in the structural design and in the
characterization of the behaviour of pavement structures are varied. The most
important climatic factors can be grouped as follows:

— abundance of precipitation related to drainage;

— the effect of the seasonal temperature cycles - asphalt layers are sensitive

to temperature variations;

- freeze-thaw cycles action.

As already mentioned, the characteristics of bituminous materials are very
closely related to temperature, its effect leads to stresses and strains within the
analysed material due to the expansion and thermal contractions. The scheme of
thermal loads and the corresponding response of the pavement is shown in Figure 1.9
(according to Di Benedetto, 1998 [120]).

Therefore, the effects of temperature on the pavement layers made with
bituminous materials are the following:

— bituminous materials are thermal susceptible materials - stiffness increase

with the decrease of temperature and vice versa;

— temperature variations lead to thermal expansion and contraction into the
materials;

— at low temperature variations the restrained thermal contraction of the
bituminous layers leads to thermal cracking;

— repeated temperature cycles (variations) can also conduce to ‘thermal
fatigue’;

— in case of a pavement structure where a foundation layer is produced with
hydraulic treatment, if a crack appear in this layer and if it is combined
with the thermal contraction, this can lead to the propagation of the crack
in the bituminous layers (phenomena known as ‘reflective cracking’);

— the freeze-thaw cycles action combined with certain problems related to
ensuring the drainage of the surface water, can lead to a progressive
degradation of the bituminous material.
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Figure 1.9. Scheme of thermal load and corresponding pavement response [12], [71],
[120].

1.4.2 Binders

The binder has a very complex thermomechanical behaviour that is influenced
by the temperature, the speed and the load level. In a wide range of loading the
behaviour can be considered as linear viscoelastic [11], [12]. The linear viscoelastic
response of a binder is commonly analysed in terms of complex shear modulus.

It is well known the behaviour of a bitumen is influenced by four factors:
the temperature, T ;

- the frequency, f;
in case of a cyclic sinusoidal loading - the humber of loading cycles, N ;

— the strain amplitude, €.

Several mechanical behaviour domains can be defined depending on the
values of the three above mentioned factors [11], [12], [71], [121], [122].

Di Benedetto and Corté (2005) [11] indicated different behaviours of
bituminous materials based on the temperature (T) and the amplitude of the

deformation (\E\) As it can be observed in Figure 1.10, the following behaviours of

binders can be distinguished: the brittle and the ductile domains, the linear elastic
behaviour (characterized by E and G), the Linear ViscoElastic (LVE) domain

(characterized by E* and G*), the purely viscous Newtonian behaviour
(characterized by the viscosity 7 ), the fragile rupture (characterized by the
toughness K. ) and the non-linear domain which are the typical mechanical domains

depending on the strain amplitude and the temperature, at an imposed number of
cycles, for a binder.
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Figure 1.10. Mechanical behaviour domains of a binder as a function of temperature
T and strain amplitude ¢ [11], [71].

On the other side, depending on the strain amplitude and the number of cycles
at an imposed temperature, the following mechanical behaviour domains can be
defined, as shown in Figure 1.11.

loge
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permanent

viscoplastic
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linear viscoelastic
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log N

Figure 1.11. Mechanical behaviour domains of a binder at a given temperature as a
function of strain amplitude and number of cycles [71].

As it can be observed in Figure 1.11, if a bitumen is subjected, at a given
temperature, to a small number of a cycles and to a small amplitude strain, it can be
considered as being a linear viscoelastic material. Moreover, from Figure 1.10 it can
be observed that for temperatures approximately below T, (the glass transition
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temperature), the viscous aspect of the binder can be neglected, then it can be
assumed linear elastic.

On the other side, if a bitumen is subjected to a small number of cycles and
to a large amplitude strain, its mechanical behaviour becomes non-linear.

In the small strain domain, fatigue can occur when a high number of cycles is
applied. Moreover, in Figure 1.11 it can be observed that for high amplitude strain for
relatively high number of cycles and when stress cycles are applied to the bitumen, a
permanent viscoplastic deformation occurs.

The relation between temperature and viscosity is very important in the
context of determining and evaluating some characteristics such as adhesion,
rheology, durability, etc. of binders.

Complex shear modulus together with the steady and complex shear
viscosities are the most important rheological properties, used to characterize the
linear viscoelastic behaviour of binders. Viscosity is a fundamental characteristic
property of binders and rejuvenators and it can be determined by several methods
[123]-[125].

Therefore, the characterization and the understanding of the viscoelastic
behaviour of binders can be considered essential in the design process of a bituminous
mixture due to the fact that the binder has an important influence on the mechanical
response of the bituminous mixture [29].

1.4.3 Bituminous mixtures

The mechanical behaviour of bituminous mixtures is complex and it depends
on many factors. However, Corté and Benedetto (2005) [11] identified different types
of behaviour of bituminous mixtures depending on the strain amplitude and the
number of cycles, for a given temperature, as shown in Figure 1.12, where the
following domains were highlighted:

— the linear viscoelastic domain - for a low number of cycles and small

strains (s < 10_4m/m) - complex modulus tests;

— non-linear domain - for a low number of cycles and more important strain
- deformability tests;

— fatigue domain - for a higher number of cycles under low deformations -
fatigue tests;

— when stress-deviating cycles are applied from zero stress, non-negligible
irreversible deformations occur for deformation amplitudes close to the
rupture. Their accumulation creates rutting.

These typical mechanical behaviour domains reflect the behaviour domains

that were described in Section 1.4.2 for binders.

Also, it must be specified that the values presented in Figure 1.12 were used

only as general indicators.
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Figure 1.12. Mechanical behaviour domains of a bituminous mixture at a given
temperature as a function of strain amplitude (€) and number of cycles (N) [11], [71].

1.5 LVE behaviour of bituminous materials
1.5.1 Viscoelastic behaviour
1.5.1.1 Definition. Boltzmann superposition principle

A material presents a viscoelastic behaviour if by applying a deformation, its
response presents both elastic and viscous characteristics. Therefore, in order to
verify if a material can be considered as viscoelastic the cancellation test can be
performed on an original nhon-aged material by loading it in strain-control mode and
by highlighting its response where a complete stress recovery is shown o, =0 when

t — «, as presented in Figure 1.13.
€ o

£

G-

a) t, t [ b) 1 1 /‘ T

Figure 1.13. Cancellation test: (a) imposed strain history; (b) resulting stress.

Moreover, a material can be considered as Linear ViscoElastic (LVE) if its total
response to a superposition of different loads is equal to the superposition of the
individual responses to each load (Boltzmann superposition principle [126], [127]).
An example is shown in Table 1.8 in order to describe better the Boltzmann
superposition principle.
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Table 1.8. Boltzmann superposition principle.

Action Response

e (t) — o1 (¢)

& (t) —> 03 (t)
Ag(t)+p-e(t) > A-oy(t)+u-0o(t)

1.5.1.2 Creep

The creep can be defined as the increase in the strain of a material over time,
under the action of a constant stress. The creep test for a viscoelastic material consists
in imposing a constant stress og, at a constant temperature, from a moment t; as

shown in Figure 1.14, where the stress o(t) at any t can be determined with the

equation 1.4 and its response, the strain s(t) can be determined with equation 1.5.

A e N
Go
€o
a) 1o t b) to t

Figure 1.14. Linear viscoelastic material - creep test: (a) imposed stress; (b) resulting
strain.

o(t)=0opH(t -tg) (1.4)
where H is the Heaviside function:

H(t-tg) =0 if t <ty

H(t-tg)=1if t >ty

£(t) = ogF (to, t) (1.5)
where:
F(to,t)— creep function of material at any time t for the stress oy applied at ¢j.

When the applied stress is not constant, but it consists in a stress history,
da(t), as shown in Figure 1.15, the incremental notation is used, where the
corresponding strain variation is equal to:

de(t) = do(z)F(z,t) (1.6)
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do(1)

fo
Figure 1.15. Example of stress history.

As already shown in Section 1.5.1.1, for a linear viscoelastic material the
Boltzmann superposition principle must be valid, therefore the total response must
be equal to the sum of the individual responses to each stress variation (equation
1.7).

t t .
e(t)= [ F(r,t)do(r) =0 (to)F (to,t)+ [ F(z,t)0()dr (1.7)
to to

1.5.1.3 Relaxation

The relaxation can be defined as the time dependent stress response to a
constant strain (inverse of creep). The relaxation test for a viscoelastic material
consists in applying a constant strain g, at a constant temperature, from a moment

to as shown in Figure 1.16, where the strain £(t) at any t can be determined with

the equation 1.8 and its response, the resulting stress a(t) as shown in equation 1.9.

€ c
€ Oo |

O
a) to t b) to t

Figure 1.16. Linear viscoelastic material - relaxation test: (a) imposed strain; (b)
resulting stress.

e(t)=ggH (t -tp) (1.8)
o(t)=gR(t -tg) (1.9)

where:
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R(t —to) - relaxation function of the material at any time ¢ for the strain gy applied

at to .

Similar to the creep test (Section 1.5.1.2) by following the same approach,
for a generic strain history (Figure 1.17) where the incremental notation is used and
where the corresponding stress variation is equal to:

o(t)=e(t)R(0)+ [&(r) (e~ 7)dr (1.10)
to

de(t) ’-/

>

to
Figure 1.17. Example of strain history.

1.5.1.4 Carson - Laplace transform

In practice, the integral equations for strain (Section 1.5.1.2 - equation 1.7)
and stress (Section 1.5.1.3 - equation 1.10) that describe the LVE behaviour, are
difficult to apply. Therefore, the Carson-Laplace transform described by Mandel

(1995) [71], [126] is used. This transformation consists in transforming f of generic
function f(t) depending on time as described in equation 1.11 where p is a complex

variable corresponding to time in the transform domain of Laplace.

f(p) = pr(t)eptdt (1.11)
0
Equations 1.7 and 1.10 can be rewritten as follows:
E(p)=F(p)-G(p) (1.12)
G(p)=R(p)-£(pP) (1.13)
where:

& F,6,R - the Carson-Laplace transformations of strain, creep function, stress and

relaxation function.
Also, it must be mentioned that the creep function multiplied by the relaxation

function is equal to 1 (equation 1.14).

F(p)-R(p)=1 (1.14)
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1.5.1.5 Complex modulus

When a sinusoidal stress o (t) = og sin(wt), with the frequency f (where @
is the angular frequency, w =27zf) is applied on a linear viscoelastic material, its
response (deformation) presents a similar sinusoidal form &(t) = gy sin(wt — @) where
@ is the phase angle (phase lag between both £(t) and o(t) sinusoidal signals).

Figure 1.18 shows an example of complex modulus test on a LVE material regarding
the sinusoidal signals in stabilized mode.

o
€ a(t) e(b)

N X
Figure 1.18. LVE material — example of complex modulus test: sinusoidal signals of
stress and strain.

In an exponential form by using the complex notation 2

strain can be written as follows:

= -1, the stress and

o (t) = ope’®t (1.15)
e (t) = Eoei“’t_‘*" (1.16)
where:

o(t)=1m[o” (¢)] (1.17)
£(t) = Im|&" (t)] (1.18)

where Im[ A] represents the imaginary part a complex variable A.
It can be shown that:

0*(t)=.‘i(iw)-£*(t)—>ﬁ(iw):g*(t)zE*(w) (1.19)

where E" (a)) is called complex modulus and is equal to the Laplace-Carson transform

of the relaxation function R determined in iw .
By applying equations 1.15 and 1.16, the equation 1.19 can be rewritten as
follows:
eriwt _
Soeiwt—(p

E'(w) = e'®P (1.20)




1.5 LVE behaviour of bituminous materials 47

0 .
where ‘E*‘ = 8—0 is the norm of complex modulus.
0

Moreover, as E'isa complex number then it is defined by its real (El) and

imaginary (E,) parts, as follows:

E* = +iE :‘E*‘cosgo+i‘E*‘sin<p (1.21)
where:

E; shows the elastic aspect of the behaviour of the tested material and it is called
‘storage modulus’;

E, represents the viscous aspect of its behaviour and is called ‘loss modulus’;

@ is the phase angle with 0° <@ <90°. If @ = 0° the material is linear elastic and if

@ =90° the material is purely viscous.

The complex shear modulus, in case of a binder, can be defined in a similar
way as the complex modulus:

70€

iwt
yoeiwt—<p -

G (w) = ‘G*‘ei‘/’ :‘G*‘coscpﬂ‘G*‘sinq) (1.22)
where:
79 - amplitude of the sinusoidal shear stress 7 (t);

7o - amplitude of the sinusoidal shear strain y(t).

Moreover, if the tested material is isotropic, between E* and G*, the
following relation is valid:

*
cF-_E (1.23)

2(14v")
where v" is the complex Poisson’s ratio which can be defined for the radial strain £>2k

on the axial deformation ef (equation 1.24), in case of a uniaxial loading of

V* ~ E; B goze/wt—(p+7z+(pv

*
14

Lok
coscp,,+/‘v ‘

< b Py ‘v*‘ sing, (1.24)
& €01€ ®

where:

‘v ‘ is the norm of complex Poisson’s ratio;

@, is the phase angle of the Poisson’s ratio.

The following graphical plots are generally used in order to highlight the
variation of complex modulus or complex shear modulus and their components as a
function of frequency and temperature:
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- *
— isochronal curves: plot of norm of complex modulus ‘E ‘ values as a

function of test temperatures (t) for each frequency test (f), in a semi-
logarithmic scale;
- %

— isothermal curves: plot of norm of complex modulus ‘E ‘ values as a

function of test frequencies (f) for each test temperature (t), in a
logarithmic scale;

- Black diagram: plot of norm of complex modulus ‘E*‘ values against
phase angle (go) values, in a semi-logarithmic scale (/og‘E*‘ Vs. qo);
— Cole-Cole plot: plot of the real part of norm of complex modulus ‘E*‘

values (Ep) against the imaginary part of norm of complex modulus ‘E*‘

values (E3).
1.5.2 Time-Temperature Superposition Principle

As already mentioned, the complex shear modulus G (or complex modulus
E" ) is @ measure of the total resistance to deformation of a linear viscoelastic material
when subjected to cyclic sinusoidal shear. Phase angle ¢ is an indicator of the relative
amount of recoverable and non-recoverable deformation [43].

For a linear viscoelastic material, it was observed that the complex modulus

X
values (‘E

, E1, B>, (p) plotted in Black diagram and Cole-Cole plot tend to form a

unique curve independent of frequency and temperature [127]. The materials that
present this type of behaviour are named ‘thermorheologically simple’ [12]. This
property of a material which equates the effects of the temperature and frequency
(time in the time domain) on its behaviour is called Time-Temperature Superposition
Principle (TTSP).

This TTSP principle consists in the translation of complex modulus curves
among the horizontal axis (frequency) for a chosen reference temperature (Tref) in
order to obtain a unique master curve. This translation of the isothermal curves is
performed by using some coefficients aT(T) which are called shift factors. The

equation 1.25 is considered.
E (F,T)=E (F-ar(T), Trer) (1.25)

In practice, after choosing the reference temperature, the shifting of all the
other isothermal curves is performed by multiplying the frequencies of all the values
of each curve by the shift factors which are determined for each isothermal curve.

Master curves of the phase angle (cp) can be built by using the same values

of the shift factors as those used for the norm of complex modulus (‘E*‘) or the norm
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*
of complex shear modulus (‘G ‘) master curves. As an example, the master curve of

a binder is shown in Figure 1.19 (from Forton et al. 2019) [128].

On the other side, the Time-Temperature Superposition Principle can be
applied to isochronal curves by using the same procedure with the difference that a
reference frequency must be chosen in order to obtain the isochronal master curves.
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Figure 1.19. Example of master curves of complex modulus (‘E*‘ - left, (p—right) for

a bitumen [128].

The most common equation that is used in order to fit the shift factors as a
function of temperature is the Williams-Landel-Ferry (WLF) equation (equation 1.26).

This WLF equation can be used and applied over the whole range of test
temperature. An example is shown in Figure 1.19 for the same material as the one
exemplified in Figure 1.20.

_ -G (T - 7-ref)
/Og(ﬁ)*m (1.26)

where Cy and C, are empirical constants depending on the material and T,of .
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Figure 1.20. Example of shift factors and WLF fit for a bitumen [128].

As already mentioned, the TTSP can successfully be applied for
thermorheologically simple materials. Several studies showed that the binders that
are modified with different polymers do not show this property of being
thermorheologically simple. However, this superposition principle can be partially
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applied. Therefore, for this type of materials the Partial Time Temperature
Superposition Principle (PTTSP) can be applied [121], [129], [130].

1.5.3 Modelling viscoelastic behaviour - 2S2P1D model

Over the years, many theoretical/analogical LVE models were proposed in
order to perform a mathematical approximation of the real behaviour of the tested
materials, all of them composed by different combinations of springs (corresponding
to the elastic behaviour) and dashpots (corresponding to the Newtonian viscous
behaviour) [131].

The main models that are used in case of bituminous materials are the
following:

— models with a discrete relaxation spectrum:

e Maxwell model: a linear spring assembled in series with a linear
dashpot [132];

e Kelvin-Voigt model: same elements as in case of the Maxwell model
but assembled in parallel [133]-[137];

e Burgers model: two Maxwell models assembled in parallel;

e generalized Maxwell model: a finite number of Maxwell elements
assembled in parallel;

e generalized Kelvin-Voigt model: a finite number of Kelvin-Voigt
elements assembled in series;

— models with a continuous relaxation spectrum:

e Huet model: a linear spring and two parabolic elements assembled
in series [138];

e Huet-Sayegh model: a Huet element assembled in parallel with a
second linear spring [139];

e 2S2P1D model: two springs, two parabolic elements and one
dashpot [129], [140];

— analytical expressions:

e CA model: Christensen-Anderson model expresses the complex
shear modulus of binders as a function of frequency [141];

e CAM model: Christensen-Anderson-Marasteanu model [142];

¢ HN model: Havriliak-Negami model [143], [144].

Further, in this section the 2S2P1D (2 Springs, 2 Parabolic, 1 Dashpot) (Figure
1.21) model was described due to the fact that it was the only model which was fitted
on the experimental values obtained for the tested bituminous materials (Chapters 2
and 3).

The 2S2P1D model is an analogical adapted version of the Huet-Sayegh
model, where a linear dashpot was added in series with the two parabolic elements
in order to take into consideration the purely viscous (Newtonian) behaviour of
binders in the high temperature-low frequency domain.

Eg-Egg K h n

E()()

Figure 1.21. 2S2P1D model [129], [140].
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The complex modulus is expressed by equation 1.27 where only seven
parameters (EO, Eqo, 0, k, h, 7, B) are considered (all 2S2P1D parameters have a
physical meaning).

Eqg - Egg

E" (iwT) = Epg +
(fr) = Eoo 1+ 5(ia)T)_k + (/'a)T)_h + (iwﬁr)_l

(1.27)

where:

w is the angular frequency;

Egg is the value of the complex modulus when w — 0, the static modulus;

Eg is the value of the complex modulus when w — «, the glassy modulus;

7 is the characteristic time, a function of temperature and accounting for Time-

Temperature Superposition Principle as in equation 1.28;
0, k and h are dimensionless constants, where 0 <k <h<1 related to the E,/E;

ratio when w — 0, respectively when @ — « ;
B is a dimensionless parameter related to Newtonian viscosity 7, equation 1.29.

ar = — (1.28)
70

where 7y is the characteristic time at reference temperature T.of and ar is the shift

factor, varying with temperature.

1 = (Eo - Eoo) Br (1.29)

where 7 is the Newtonian viscosity.

Figure 1.22 shows the influence of six 2S2P1D parameters on a general Cole-
Cole diagram of a bituminous material.

*
imaginary

El -shape parameter

’ E’a‘neal

Figure 1.22. Influence of 2S2P1D parameters on a general Cole-Cole diagram of a
bituminous material [71].
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In a 3D extension other two parameters are used vy - static value of Poisson’s
ration and vgg - glassy value of Poisson’s ration, as shown in equation 1.30 [122],

[145]. Therefore, to fully characterized the behaviour of a bituminous material over
the entire temperature and frequency domain, a total of nine 2S2P1D parameters

(Eo, Ego, 0, k, h, 7, B for 1D formulation + vy, vgq for the 3D formulation) and the
two WLF constants (C; and Cy) are needed.

E" (0)-Ego

(1.30)
Eqg - Epo

*
v () =upo +(vo —too)
On the other side, Mangiafico (2014) [71] proposed an estimation method in

order to predict/estimate the 2S2P1D parameter and the shift factors of binder blends
from the ‘experimental’ values obtained for the two base binders. A linear estimation
rule was proposed for the parameters £Eg, o, k, h, B (equation 1.31) and a

logarithmic rule for the 2SP1D parameter 7 and for the shift factors (equation 1.32).

Axoe = A% + X (ArAP% — A0%) (1.31)
log (Byas ) = 10g (Bogs,) + X [109 (Brapo,) - 109 (Boos) | (1.32)
where:

A and B - generic terms that represents 2S2P2D parameters and ar shift factors;

x - the RAP binder percentage.

Similar rules were proposed in order to estimate the penetration by using a
log-log rule shown in equation 1.33 according to SR EN 13108-1 [146], and Corté and
Benedetto (2005) [11] and Al-Qadi et al. (2007) [147] proposed a linear rule
(equation 1.34) in order to estimate the PG temperatures of binders.

log (penpjeng) = @-log(peny)+ b - log (peng) (1.33)
Tblend:a-TA +vaB (1.34)

where A and B are the two base binders, T4 and Tg are the PG temperatures of

the base binders and a and b represent the relative mass concentrations of the base
binders.

1.5.4 Prediction of mechanical behaviour of bituminous mixtures
from properties of binders

Over the last decades many authors developed different models in order to
predict the bituminous mixtures from the experimental values determined for the
binders (Ugé et al. model [148], Hirsch model [149], Witczak model [150], SHStS
transformation [129], [130]).

Further, in this section the SHStS transformation presented in Figure 1.23 will
be described. With this model the LVE behaviour of a bituminous mixture can be
predicted from the LVE behaviour of the corresponding binder. Also, the inverse
procedure is valid, regardless of the aggregate skeleton.



1.5 LVE behaviour of bituminous materials 53

This transformation is well described in Figure 1.23 where the Cole-Cole
diagram of the normalized moduli (expressed by equation 1.35) of a binder is first
shifted along the horizontal axis, then a homothetic transformation is performed, then
it is shifted of characteristic time and finally a second shift along the horizontal axis
was performed. This sequence Shift-Homothety-Shift in time-Shift represents the
SHStS transformation [71], [151]-[153].

b3
* E —Epg
Eporm = ——=20 (1.35)
Eo - Eoo
EwiulaginalyA
'4
/ *
7 E mix (]-Omm:T)
i
f 1 - Shaft

! 2 - Homothety
" 3 - Shift in time
, 4 - Shift
1, -
I

EUO-miK 0,binder ED.mix

00,binder

7 }

Figure 1.23. SHStS transformation scheme from binder properties to the bituminous
mixture properties (source [71], [151]-[153]).

Therefore, the equation 1.36 allows to calculate the complex modulus of a

bituminous mixture (E;,-X) at a temperature T when the complex modulus of the

corresponding binder (E;,-nde,,) is known (or vice-versa) at the same considered

temperature. It must be mentioned that this relation is independent of any rheological
model that was used.

* * Eo, mix — Eoo,mix
Emix (@, T) = Eoo,mix * [Ebinder (10”0, T)- EOO,binder} T (1.36)
0,binder — =00,binder

where:

w - the loading frequency;

T - the chosen temperature;

Eoo,mix and Eqg,pinder - are the static moduli of the bituminous mixture,

respectively, the corresponding binder;
Eo,mix and Eg pinder — are the glassy moduli of the bituminous mixture, respectively,

the corresponding binder;
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a - parameter depending on the mix design and the binder aging that occurs during
the mixing process, determined with equation 1.37.

70,mix = 10* 70, binder (1.37)
where:

To,mix — value of 7 obtained for the bituminous mixture;

70,binder — Value of 7 obtained for the corresponding binder.

Moreover, when the Time Temperature Superposition Principle is verified, the
equations 1.36 and 1.37 can be rewritten as follows:

E;ﬁx (waT (T), Tref) = Eoo, mix + [E;inder (10aaT (T), Tref) - EOO,binder]

1.38
Eo, mix — Eoo,mix (1.38)
EO,binder - EOO,binder
Tmix = 10% - Thinder (1.39)

A simplified relation (relation 1.40) can be determined for a bituminous
mixture taking into consideration that for pure fresh binders its glassy modulus is nil

(Eoo, binder =0)-

* * Eo,mix — Eoo,mix
Emix (waT (7). 7_ref) = Eoo,mix + [Ebinder (1OaaT (T): Trer )} - E ‘ (1.40)
0,binder

1.6 Physical-mechanical characteristics of recycled bituminous
mixtures

As already mentioned in Section 1.3.1.2, in Romania the specifications
regarding the hot in plant recycling are described in the Romanian Standard DD-509-
2003 [76].

According to this Standard, the recycled asphalt mixtures can be used only as
base bituminous layer or as an intermediate layer between the base and the surface
layers, only for roads classified as having the technical class between II to V. It must
be mentioned that the recommendations regarding the types of bituminous mixtures,
the maximum aggregate size of the recycled bituminous asphalt, the maximum binder
content, the limits of the grading curve, the tests that must be performed in order to
verify the characteristics of the recycled bituminous mixtures are not in accordance
with the measures specified in the European Standards and with the Romanian
Standards which were updated after 2003. Therefore, an update version of this
Standard is needed.

Regarding the characteristics that must be determined for a bituminous
mixture produced in plant with RAP material with or without rejuvenators, in DD-509-
2003 only the Marshall characteristics (Marshall stability, flow and the ratio between
them), the bulk density and the water absorption, should be determined. Also, for the
virgin materials that are used in this process, their main characteristics must be
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known, such as the grading curve, shape index, flakiness index of the virgin
aggregates while for the binder is required only the penetration and the ring and ball
temperature.
An important observation mentioned in this Standard is related to the use of
rejuvenators in the production process of a recycled asphalt mixture: the rejuvenators
can be used if the RAP binder presents a high ring and ball temperature (65...80°C)
and the amount of RAP material is higher than 10% (11...30%) [76]. Therefore, this
Standard is limited for recycled asphalt mixtures containing maximum 30% of RAP
material.
According to studies that were performed over the last decades in order to
increase the reuse of RAP materials in the production of new bituminous mixtures, it
was highlighted that is important to verify the performances of the final product by
performing some typical laboratory investigations [22], [25], [28], [30], [62]-[70].
The laboratory tests that are performed on bituminous materials can be
classified in three categories according to Bonnot (1984): empirical tests, simulation
tests and determination tests [154] and on the other side according to Di Benedetto
(1990) the laboratory mechanical tests can be classified in two categories:
homogenous and non-homogenous tests [155].
The most used laboratory tests on bituminous mixtures are the following:
— bulk density and water absorption, determination of void content-
hydrostatic method (more details regarding the procedure used in this
study are given in Section 3.5.1);

— Marshall test (more details regarding the procedure used in this study are
given in Section 3.5.2);
— ITSR test (indirect tensile strength ratio);
— rutting test;
— complex modulus tests (more details regarding the procedure used in this
study - two-point bending test on trapezoidal specimens - are given in
Section 3.5.5);

— indirect tensile test, IT-CY test (more details regarding the procedure used
in this study are given in Section 3.5.3);

— permanent deformation resistance-dynamic creep test wit confinement
(more details regarding the procedure used in this study are given in
Section 3.5.4);

— fatigue test;

— repeated compression test;

— low temperature cracking test, etc.

Also, it is very important to evaluate the characteristics of the corresponding
binder blends of the bituminous mixtures produced with RAP material with or without
rejuvenators. Many studies highlighted the possibility of predicting the behaviour of
mixtures starting from the properties of their corresponding binder blends [33], [35]-
[48].

The most used laboratory tests on binders are the following:

— conventional European tests:

e penetration test (more details regarding the procedure used in this
study are given in Section 2.3.1.1);

e ring and ball test (more details regarding the procedure used in this
study are given in Section 2.3.1.2);

e Fraass test (more details regarding the procedure used in this study
are given in Section 2.3.1.4);
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e elongation test (more details regarding the procedure used in this
study are given in Section 2.3.1.5);
e density test (more details regarding the procedure used in this study
are given in Section 2.3.1.6);
— DSR test - complex shear modulus test (more details regarding the
procedure used in this study are given in Section 2.3.2);
— BBR test (more details regarding the procedure used in this study are given
in Section 2.3.3);
— DTT test;
— adhesivity between binder and aggregates test;
— adherence test;
— aging tests (RTFOT test, PAV test),etc.

1.7 Environmental impact assessment of roads

1.7.1 Sustainable road transport system

The term ’‘sustainable development’ is more and more used in the road
industry domain. Over the last decade many polices and strategies were developed
all over the world regarding the sustainability in road transport in order to meet the
needs of the present generations without compromising the ability of future
generations to meet their own needs (sustainable development definition) [156].

It is well known that all the sustainable strategies are based on the balance
of the three main pillars (Figure 1.24): environmental sustainability (ecological
stability), economic sustainability (economic efficiency) and social sustainability
(distributional/social equity). In the road design or in its construction phase ensuring
a balance between the three pillars is not an easy task due to the fact that is very
difficult to quantify what is truly ‘sustainable’.

However, when a sustainable road transport strategy is proposed or pursued,
the costs play a central role, where the costs are usually split in two main categories:
internal costs (construction, maintenance of roads, transport equipment) and external
costs (congestion, accidents, emissions, pollution, noise, etc.) [157].
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Figure 1.24. Sustainable development pillars [158].

Through the integration of Romania in the European Union (EU), Romania
must implement and apply the norms regarding the sustainable development of the
construction works. In the framework of the European Committee for Standardization
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(CEN) there is a Technical Committee 350 (TC350), which provides the basis for the
legislative framework on sustainable development in the construction sector.

The scope of TC 350 is to develop different instruments in order to measure
or to parameterize the impact of the construction (or other process) on the
environment, economy and its social impact. These instruments must take into
consideration the production phase, the construction stage, use and disposal
(recycling and disposal of waste) of a final product. The mirror technical committee
dealing with this subject in Romania is CT 343, within ASRO.

The main document underlying the sustainable development strategies in
Romania is: National Sustainable Development Strategy Romania 2013-2020-2030,
where the strategic objectives for the short, medium and long run are the following
[159]:

- 2013: to incorporate the strategies and practices of sustainable
development of EU in all the programmes and public policies of Romania;

— 2020: to reach the current EU average values for the main indicators of
sustainable development;

— 2030: to get significantly close to the EU average performance.

Moreover, the ECMT's members developed in 2000 some sustainable

transport policies, the most important policies are related to the following [160]:

— improvement of the decision regarding the best practice in cost benefit
analysis and environmental assessment;

— fictionization of costs and the financing of infrastructure;

— reduction of CO; emissions from road transport;

— improving road safety;

- promoting the use of low emission trucks;

— improving the competitiveness of road alternatives;

— in urban environments - to resolve the conflicts between transport and
sustainable development.

It is well known that the construction of a road requires a lot of energy use
(production of bituminous mixtures, the excavating process, the processes used for
the maintenance, etc.). As an example, according to the European Asphalt Pavement
Association (EAPA) in EU approximatively 240 million tonnes of Hot Mix Asphalt and
Warm Mix Asphalt were produced in 2017 [161]. Considering that near 10% of the
total mixtures produced in EU corresponds to WMA and approximatively 216 mil.
tonnes of HMA. Therefore, as the HMA is produced at temperatures of 160 - 180°C
and by considering an average of 275 MJ of energy use is used to produce one tonne
of HMA, it can be highlighted that only the production of HMA in EU countries, in 2017,
implied a use of approximatively 59 billion MJ]. This information proves that the
bituminous mixtures production is one of the most energy demanding industry that
generates massive quantities of CO..

Therefore, to reduce the energy use in order to reach the term ’sustainable
road’, the following strategies must be taken into consideration:

— replace the HMA with WMA (produced at lower temperatures — conduce to
lower energy consumption, reduce the paving costs, etc.);

— reuse the existing bituminous materials and recycle. Example of materials
that can be used in recycling process: reclaimed asphalt pavement (RAP),
recycled materials components (RMCs), recycled concrete aggregates
(RCA), ground tire rubber (GTR), etc. In Figure 1.25 an example is given
of how sustainability can be ‘introduced’ in the road industry.

— use of local materials;

— use of renewable materials and of bio-binders, etc.
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Figure 1.25. Road pavement sustainability - recycling/reusing of waste asphalt
materials.

By introducing these sustainability measures, some essential benefits for the
road design and construction or maintenance will be reached, such as reduction of
emissions, water usage, energy consumption, virgin materials, costs and lower impact
on environment, etc. Therefore, these measures must be promoted into countries like
Romania, where the reuse of materials is not so well known.

1.7.2 Life Cycle Assessment (LCA)

Life Cycle Assessment (LCA) is a technique, a tool that is used to assess the
environmental aspects and the potential impact associated with a product, process,
or activity by quantifying raw materials, energy and waste it releases into air, water
and soil [162].

The principles, the framework together with the requirements and guidelines
of an LCA are defined in the ISO 14040 series (Figure 1.26). According to ISO 14040-
14044 standards, four main steps (goal and scope definition, life cycle inventory, live
cycle impact assessment and life cycle interpretation) must be considered when an
LCA is performed. Also, as an example Zheng et al. (2020) [163] highlighted the main
life-cycle stages of a road pavement, as it can be observed in Figure 1.27.
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Figure 1.26. LCA framework - source ISO 14040-14044 standards.



1.7 Environmental impact assessment of roads 59

m Construction Use stage
stage

Raw Materials and

Production stage
* Worker
o Lo munity

. . G stage
End of life st et

nd of life s ﬂ.gf < ‘l “’
Exclude in S-LCA P

Figure 1.27. Life cycle stages of pavement according to Zheng et al. (2020) [163].

The goal of an LCA defines the aim of the study and the audience of the study
and the scope of an LCA defines the unit and the system boundaries of the
assessment.

Depending on how the system boundaries are chosen different assessments
can be made: cradle to gate (from resource extraction to the factory gate), cradle to
grave (from resource extraction to use phase and disposal phase) and cradle to cradle
(from resource extraction to use phase and disposal phase=recycling process).
Therefore, as an example in Figure 1.28 different system boundaries are shown for

an LCA of road pavement.
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Figure 1.28. System boundaries.

The life cycle stages that can be used in an environmental impact assessment,
according to European Standards EN 15804+A1:2013, EN 15804+A2:2019 [164] are

the following:
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— product stage: Al (raw material extraction and processing), A2 (transport
to manufacturer) and A3 (manufacturing);

— construction process stage: A4 (transport to the building site) and A5
(construction installation);

— use stage: Bl (use or application of the installed product), B2
(maintenance), B3 (repair), B4 (replacement), B5 (refurbishment), B6
(operational energy use) and B7 (operational water use);

- end of life stage: C1 (de-construction, demolition), C2 (transport to waste
processing), C3 (waste processing for reuse, recovery or recycling) and C4
(disposal).

In the life cycle inventory for each material, product, activity its quantity (for
materials), the use energy and the emissions associated to these processes must be
evaluated to quantify relevant inputs and outputs of each activity (Figure 1.29).
Preferably, these inputs and outputs (emissions) for each activity should be extracted
from the Environmental Product Declaration (EPD) which are the declarations type III
according to ISO 14025. Most software that are used to perform an LCA have access
to international databases. Therefore, in this step it is very important to take into
considerations the specifications indicated in ISO 14044 concerning the quality
regarding the temporal, geographical, technological coverage, precision, and
representativeness of data, etc.

INPUT OUTPUT

Energy Products
Material Emissions
Transports Waste

Figure 1.29. Input and output data for each activity.

The aim of the impact assessment is to evaluate the significance of potential
environmental impacts by using the results of the life cycle inventory analysis. In this
step, to each inventory data are associated environmental impacts. In order to obtain
the environmental impact categories characterization factors are used (equation 1.41)
[165].

Impact ategory = Zm,- - Characterization factorcategory i (1.41)
i

where:
m; - mass of the inventory flow 7 ;

characterization factor.ategory i — characterization factor of inventory flow 7 for the

impact category.

Usually a normalization is performed on the environmental indicators (impact
category) and then a weighting is performed on the normalized indicators in order to
assign numerical factors to their relative importance [165]. The most common
environmental impact categories used in an LCA are described in the following section
according to the EN 15804+A1:2013 and EN 15804+A2:2019 standards.

Regarding the interpretation of the obtained results, when an Environmental
Impact Assessment (EIA) is made on roads domain, a comparison between a basic
traditional/conventional solution and a new proposed solution is usually performed to
highlight the advantages or the disadvantages of the proposed solution regarding its
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potential environmental impact. Also, the obtained results can help on the
identification of the impact category that has a massive impact on the environment.
The impact of roads construction on the environment is very difficult to control
at a macro-component level (global or integrated approach). Therefore, many
researchers suggested to perform this analysis at different levels, as follows:
— at the micro-component level (the case of materials analysis with the
same destination);
— when a difference cannot be made at the level of the individual elements,
the analysis must contain components (assemblies);
— at the macro-components level (analysis performed integrated for the
entire construction process).
Frequently, when an LCA is performed, also a Life Cycle Cost (LCC) analysis
is performed to evaluate the total cost performance of a product on the duration of a
standardized period, including the acquisition, operation, maintenance, and disposal
cost. Therefore, LCA and LCC can be used with a common purpose, in a global
evaluation, where each process can become the input for the other process.
Both assessments, LCA and LCC can be used to identify the best solution that
meet the target environmental impact for the lowest cost or to choose an alternative
solution or to recalculate the environmental impact in costs.

1.7.3 Environmental impact categories

According to the EN 15804+A1:2013 the following parameters must be
evaluated in order to describe the environmental impact categories:

» Global Warming Potential (GWP) represents the heat that was absorbed by
any greenhouse gas (GHGs) in the atmosphere as a multiple of the heat that would
be absorbed by the same mass of CO; [166]. Therefore, the global warming indicator
can be determined by using the relation 1.42.

GW =" m;-GWP, (1.42)
i
where:
GW - global warming indicator, in kg CO> eq.;
m; - mass of the released substance i (in kg);
GWP; - global warming potential, in kg CO eq.
» Ozone Depletion Potential of the stratospheric ozone layer (ODP) is a

measure of the potential destructive effects of a substance compared to a reference
substance trichlorofluoromethane (R11 also known as CFC-11) [167]. A similar
relation to the 1.42 equation is used.

OP :Zm,- -ODP; (1.43)

I

where:
OP - ozone depletion indicator, in kg R11 eq.;
m; - mass of the released substance i (in kg);

ODP; - ozone depletion potential, in kg R11 eq.
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> Acidification Potential of soil and water (AP) represents the acidification

potential of any acid forming chemical relative to benchmark compound SO;
(sulphate) as shown in relation 1.44 [168].

A= "m;- AR (1.44)
i

where:
A - acidification indicator, in kg SO; eq. (kg of Sulphur dioxide equivalent);
m; — mass of the released substance i (in kg);
AP; - acidification potential, in in kg SO> eq.
> Eutrophication Potential (EP) represents a measure of the over-enrichment
of water courses that can lead to damage of ecosystems (relation 1.45) [167].

E=Zm,--EP,- (1.45)
i

where:
E - eutrophication indicator, in kg Phosphate eq.;
m; — mass of the released substance i (in kg);
EP; - eutrophication potential, in kg Phosphate eq.
» Photochemical Ozone Creation Potential (POCP) represents a measure of the

relative ability of a substance to produce ozone in the presence of nitrogen oxides
(NOx) and sunlight (relation 1.46) [165].

POC =) m; - POCP, (1.46)
i

where:
POC - photochemical ozone creation indicator, in kg Ethene eq.;
m; — mass of the released substance i (in kg);

POCP; - photochemical ozone creation potential, in kg Ethene eq.

> Abiotic depletion potential for non-fossil resources (ADPE) which includes all

non-renewable, abiotic material resources represents the ratio between the quantity
of resource extracted and the recoverable reserves of that resource, expressed in kg
of the reference resource [165] in kg Sb eq.;

> Abiotic depletion potential for fossil resources (ADPF) based on the energy

content of the fossil fuel [169], in MJ, net caloric value.

According to the recent version of the EN 15804+A2:2019 which includes
explicitly biogenic carbon uptake and re-emission, the following parameters should be
evaluated in order to describe the environmental impacts:

» Climate Change, in kg CO; eq. (kg of Carbon dioxide equivalent);
- Climate Change (fossil), in kg CO; eq.;
— Climate Change (biogenic), in kg CO; eq.;
- Climate Change (land use change), in kg CO; eq.;
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» Ozone Depletion, in kg CFC-11 eq. (kg of ChloroFluoroCarbon-11-
equivalents);

> Acidification terrestrial and freshwater, in Mole of H+ eq. (mole of Hydrogen
ions equivalent);

Eutrophication freshwater, in kg P eq. (kg of Phosphorus equivalent);
Eutrophication marine, in kg N eq. (kg of Nitrogen equivalent);
Eutrophication terrestrial, in Mole of N eq. (mole of Nitrogen equivalent);
Photochemical ozone formation - human health, in kg NMVOC eq.;

Resource use, mineral and metals, in kg Sb eq. (kg of antimony equivalent);
Resource use, energy carriers, in MJ;

Water scarcity, in m3 world equiv.

The above-mentioned environmental indicators are calculated with similar
relations as those used in case of the parameters specified in EN 15804+A1.

Moreover, other category of parameters related to the energy can be
determined and used to describe the use of renewable and non-renewable material
resources, primary energy, and water. Therefore, the following parameters can be
investigated:
use of renewable primary energy (PERE), in MJ;
total use of renewable primary energy resources (PERT), in MJ;
use of non-renewable primary energy (PENRE), in MJ;
total use of non-renewable primary energy resources (PENRT), in MJ;
use of net fresh water (FW), in MJ.

In order to perform a complete EIA, the parameters that describe the waste
categories should be evaluated:

» Hazardous waste disposed (HWD), in kg;

» Non-hazardous waste disposed (NHWD), kg;

» Radioactive waste disposed (RWD), kg.

Depending on the software and available methods of investigation used in
these analyses, some optional parameters can be obtained and analysed in order to
highlight the potential impact of the analysed process on the human health. Therefore,
the following common indicators can be analysed:

» Cancer human health effects (Inorganic), in CTUh (Comparative Toxic Unit for
human which expresses the estimated increase in morbidity in the total human
population per unit mass of a chemical emitted, cases per kilogramme);

Cancer human health effects (Metal), in CTUh;

Cancer human health effects (Organic), in CTUh;

Ecotoxicity freshwater (Inorganic), in CTUh;

Ecotoxicity freshwater (Metals), in CTUh;

Ecotoxicity freshwater (Organic), in CTUh;

Non-cancer human health effects (Inorganic), in CTUh;

Non-cancer human health effects (Metals), in CTUh;

Non-cancer human health effects (Organic), in CTUh;

Respiratory inorganics, in Disease incidences;

Ionising radiation - human health, kBq U235 eq. (equivalent uranium radiation

easured in kg Becquerel);

Ecotoxicity freshwater, in CTUh;

Cancer human health effects, in CTUh;

Non-cancer human health effects, in CTUh;

Land Use, in Pt (point - yearly environmental load of one average inhabitant).

More details regarding the Environmental Impact Assessment are given in

Chapter 4.
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2. Performed tests on binders, analysis and
modelling

2.1 Objectives

The main objective of this chapter is to evaluate the influence of the RAP
extracted binder and the rejuvenator on the properties of different binder blends
produced by mixing one type of fresh binder, a RAP extracted binder and a rejuvenator
of vegetal origin. The effects of RAP binder and rejuvenator were analysed in terms
of conventional properties of binders (penetration at 25°C, ring and ball temperature,
Fraass temperature, density and elongation at 25°C), complex shear modulus at
intermediate and high temperatures: 2S2P1D model (presented Section 1.5.3
equation 1.28) parameters, steady shear viscosity and high critical temperatures, and
BBR test results at low temperatures (flexural creep stiffness, m-values and low
critical temperatures).

Some possible relations were investigated between the conventional
parameters pen. at 25°C, Tpepg and Tg4555 and steady shear viscosity at 25°C 7q

and the critical temperatures Tpgg high critical @19 TBBR low critical (Obtained in

agreement with the overall Superpave framework but some minor differences in the
analysis of test results were applied).

Two different approaches were proposed in order to estimate the values of
several parameters for all binder blends from experimental values of the base
constituents (fresh and RAP binders, rejuvenator and blends between RAP binder and
rejuvenator). The precision of both estimation methods is analysed by plotting the
correlation between the estimated and the experimental results. Also, a statistical
evaluation is performed in order to analyse the validity of both estimation approaches.

Details regarding the experimental results obtained for all binders, the
relations between these parameters, the obtained estimated results and the statistical
evaluation are given in the following sections.

2.2 Materials and experimental plan

In this campaign, three base materials were used: one type of fresh binder (a
straight-run 50/70 penetration grade bitumen), one type of RAP-extracted binder and
a rejuvenator of vegetal origin.

The RAP binder was extracted from a well-known RAP material classified and
described by performing the tests required by SR EN 13108-8 [51]. The RAP material
used in this study is characterized in Chapter 3. Its binder content is 4.0% (measured
through extraction and recovery). RAP binder was recovered from the RAP material
using an extractor called ‘asphaltanalysator’ according to the European Standard SR
EN 12697-1 [55]. Trichloroethylene was used as solvent. The solution of bitumen and
trichloroethylene from prior extraction was distilled with a rotary evaporator,
according to SR EN 12697-3 [53].

A mixture of vegetal oils (a commercial product) was used as rejuvenator
(Rej) in different dosages (0%, 5%, 10% and 15% by mass of RAP binder).
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The experimental plan includes a total of 17 binders (Table 2.1): 12 blends of
the 50/70 fresh binder with the RAP-extracted binder with and without rejuvenator,
three blends of RAP binder with the rejuvenator and pure fresh and RAP binders.

Blending proportions between RAP binder, fresh binder and rejuvenator were
calculated in order to reproduce the ratios between these components within the
bituminous mixtures studied in Chapter 3. These mixtures were produced with a 5.6%
total binder content (rejuvenator not considered as part of it) containing 25%, 50%,
and 75% RAP material and 0.00%, 0.20%, 0.40% and 0.60% of rejuvenator by mass
of RAP material (corresponding to 0%, 5%, 10% and 15% of rejuvenator by mass of
the RAP binder). Three other blends between RAP binder and rejuvenator were
considered (RAP + 5% Rej, RAP + 10% Rej, RAP + 15% Rej). These additional blends
were produced and tested considering that they were used as ‘base materials’ in the
estimation approaches presented in following sections.

The actual blending percentages of the different components for all blends are
reported in Table 2.1.

For simplicity, binder blends were named according to the penetration grade
of the fresh bitumen, the percentage of RAP material used for the production of the
corresponding bituminous mixture and the dosage of the rejuvenator (Rej) by the
mass of RAP bitumen (e.g.: 50/70 + 75% RAP + 5% Rej).

Table 2.1. Proportion of different components in tested binders: pure bitumen
(50/70), RAP-extracted binder (RAP) and Rejuvenator (Rej).

% by weight

Binders 50/70  RAP Rej
50/70 100.00 0.00  0.00
RAP 0.00  100.00 0.00
RAP + 5% Rej 0.00 9524  4.76
RAP + 10% Rej 0.00  90.91  9.09
RAP + 15% Rej 0.00 86.96 13.04
50/70 + 25% RAP 82.14  17.86  0.00
50/70 + 25% RAP + 5% Rej 81.42 17.70  0.88

50/70 + 25% RAP + 10% Rej 80.70 17.54 1.76
50/70 + 25% RAP + 15% Rej 80.00 17.39 2.61
50/70 + 50% RAP 64.29 35.71 0.00
50/70 + 50% RAP + 5% Rej 63.16 35.09 1.75
50/70 + 50% RAP + 10% Rej 62.07 34.48 3.45
50/70 + 50% RAP + 15% Rej 61.02 33.90 5.08
50/70 + 75% RAP 46.43 53.57 0.00
50/70 + 75% RAP + 5% Rej 45.22 52.17 2.61
50/70 + 75% RAP + 10% Rej 44.07 50.85 5.08
50/70 + 75% RAP + 15% Rej 42.97 49.59 7.44

The procedures used to produce the studied binder blends were chosen in
order to reproduce in laboratory the actual production process of bituminous mixtures
containing RAP material and rejuvenator.

Fresh and RAP binders were heated to 160°C. The rejuvenator was not heated
before blending. The rejuvenator was mixed with the fresh binder (manually mixed
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for 5 minutes) in order to reproduce the real industrial process of the production of
bituminous mixtures in which the rejuvenator is added to the fresh binder tank when
all the components (fresh aggregates, RAP material and fresh binder) are heated
before mixing. This preliminary blend was then heated for 20 min at 160°C. RAP
binder was added, and this final blend was manually mixed for 5 minutes in order to
produce a homogenous blend. The 160°C temperature was chosen with respect to the
Romanian technical specifications for the production on bituminous mixtures. Figure
2.1 shows the scheme of the binder blends production.

RAP material 50/70 binder
RAP binder
3 blends RAP+Rej
12 blends 50/70+RAP+Rej

Extraction \
Recovery |17 tested blnders

b+b+6= 6

RAP binder Fresh binder Rejuvenator Final blends
(RAP) (50/70) (Rej)

Step 1

4.0%
binder
content

Blends
production ¢

Step 2
reproduce the real industrial process
of the production of bituminous mixtures

Figure 2.1. Scheme of the production process of binder blends.

Regarding the experimental campaign (shown in Figure 2.2), European
conventional tests (penetration at 25°C, softening point, Fraass breaking point,
ductility at 25°C, density at 25°C), DSR complex shear modulus and BBR tests were
performed for all binders. All test procedures are described in Section 2.3. All tests
were performed in the Road Laboratory from University Politehnica Timisoara,

Romania.
17 binders
|

) Complex shear modulus tests
Conventional P 0 o BBR tests
fests 25°C < T < 85°C ~35°C < T < 0°C
01Hz<f<10Hz -

2 2 2

Parameters Parameters Parameters
¥ Pen.(25°C) ¥ |G*(T,f)] and (T, f) » Sp(T)
% Trap » 2S2P1D param. (h,B,t,at)| |» m(T)
> Pl » ne(T) * Tiow critical (Superpave)
# Teraass > Thigh critical (Superpave)
% Elongation at 25°C
» Density at 25°C

Figure 2.2. Experimental campaign - Binder blends.
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European conventional tests were performed in order to determine:
penetration at 25°C (pen., SR EN 1426 [17]), softening point (ring and ball

temperature, Tpgpg, SR EN 1427 [56]), penetration index (PI, SR EN 12591 [18]),
Fraass breaking point (Fraass breaking point temperature, Tg5555, SR EN 12593

[170]), ductility at 25°C (elongation, SR 61 [171]) and density at 25°C (SR EN

15326+A1 [172]). Test procedures are shown in Sections 2.3.1. The results obtained
for these conventional parameters are shown in Section 2.5.

Complex shear modulus tests were performed at intermediate and high
temperatures (from 25°C to 85°C with a 10°C increment) and at a frequency ranging
from 0.1 Hz to 10 Hz (more details given in Section 2.3.2). The linear viscoelastic
behaviour of several blends was characterized in terms of complex shear modulus

(G* (T,f)) by means of Dynamic Shear Rheometer (DSR) tests. Experimental results

were analysed by using the 2S2P1D model (presented in Section 1.5.3 equation 1.28)
and a specific approach was proposed in order to highlight the effect of the RAP binder
and the rejuvenator on the 2S2P1D parameters. The obtained results are presented
in Section 2.6.

Another parameter analysed is the steady shear viscosity at different

temperatures g (T) of all binders from complex modulus test results (details given

in Section 2.7). Also, high critical temperatures (TDSR high C,_,-t,-ca,) were determined

when ‘G*‘/singo =1.0 KPa , when w =10 rad/s . Results are shown in Section 2.10.1.

Tests at low temperatures (BBR tests) were performed in order to determine
the flexural creep stiffness S(t) and m-values m(t) for all binders. Tendencies of
these two parameters were analysed as a function of RAP binder and rejuvenator
contents and BBR low critical temperatures (TBBR low C,_,-t,-ca,) were determined

(details given in Section 2.9 and Section 2.10.2).

2.3 Experimental procedures
2.3.1 European conventional tests
2.3.1.1 Penetration at 25°C

Penetration is considered to be the conventional test used to determine the
consistency of a bitumen as the penetration depth of a normalized needle (needle
load is 100 g) who penetrates a bitumen sample at a set temperature (25°C) for a
charging time of 5 seconds (Figure 2.3a) [17].

All penetration tests were performed by using an automated penetrometer
(Figure 2.3b), by following the prescriptions from SR EN 1426:2015 [17].

For each binder, three samples were tested (three measurements/sample).
The reported value of penetration for a binder is considered the average between the
three pen. values/sample expressed in tenths of mm rounded to the nearest integer.
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If the measurements differ from the average value by more/less than 15% the test
must be repeated.
A total of 51 penetration tests were performed in this campaign.
e

s il

penetration,
in 0.10 mm
Start After 5 seconds
End test

(a) (b)

Figure 2.3. (a) Penetration test principle; (b) Automated penetrometer Matest® -
Road Laboratory, University Politehnica Timisoara.

2.3.1.2 Softening point (ring and ball temperature)

By performing this classical test, the ‘conventional temperature’, ring and ball
temperature (Tggpg) of a binder is obtained.

Two bitumen samples placed into metal rings, under certain conditions, are
placed on a metal stand, in a Berzelius recipient and heated in a control mode
(5°C/minute) in distillate water. Two metal balls (normalized diameter and mass) are
placed over the two bitumen samples. The test starts from the temperature of 5°C.
The temperature at which the ball pass through the bitumen sample reaching the
lower plate (placed at 25 mm under the rings) is reported as the softening point
temperature of a binder (Figure 2.4a) [56]. The average value between two
measurements/binder expressed to the nearest 0.2°C is reported as Trgpg. If the

difference between the two measurements/binder is higher than 2°C the test must be
repeated.

All tests were performed by using an automated ring and ball test equipment
(Figure 2.4b), following the prescriptions from SR EN 1427:2015 [56].

A total of 17 ring and ball tests were performed in this campaign.

25 mm

T=5C

Start test End test

(a)

Figure 2.4. (@) Ring and ball test principle; (b) Automated ring and ball test device
Matest@ - Road Laboratory, University Politehnica Timisoara.
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2.3.1.3 Penetration Index

Based on the experimental measurements (pen. at 25°C and Tgrgg)
performed for all binders in this campaign, the Penetration Index (PI) was calculated
according to the equation 2.1 specified in SR EN 12591:2009 [18].

_ 20xTpgp +500xlog pen. -1952
"~ Trgp -50x/og pen. +120

P (2.1)

Usually, PI values are used as an indicator of temperature susceptibility of
binders.

2.3.1.4 Fraass breaking point temperature

Fraass test consists in determining the temperature at which a bitumen film
of 0.50 mm thickness spread on a metal plaque (20 x 41 x 0.15 mm) is cooled and
flexed under specific conditions, specified in SR EN 12593:2015 [170], will become
first brittle, indicated by the appearance of cracks (Figure 2.5a).

The bending process of the metal plaque is made every 1°C during a uniform
decrease of temperature of 1°C/minute. When the first crack appears at the surface

of the bitumen layer the test will end by recording the temperature (Tg-5555) -

All tests were performed by using a classic Fraass apparatus (Figure 2.5b),
by following the prescriptions from SR EN 12593:2015 [170].

For each binder, two samples were tested. The reported value of Fraass
temperature for a binder was considered the average between the two
measurements, rounded to the nearest integer. If the difference between the
measurements is higher than 1°C the test must be repeated.

A total of 34 Fraass breaking point tests were performed in this campaign.

Appearance
of first cracks

|_] I ]_I Trraas:

Start test End test W i
(a) (b)

Figure 2.5. (a) Fraass test principle; (b) Classical Fraass device Matest® - Road
Laboratory, University Politehnica Timisoara.
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2.3.1.5 Ductility at 25°C

Ductility at 25°C was determined by performing elongation test, as prescribed
in the Romanian Standard SR 61 [171], bitumen samples, prepared under certain
conditions, were pulled apart at a constant speed of 50 mm/min in a water bath at a
constant temperature of 25°C until rupture (Figure 2.6a). The elongation at rupture
(in cm) was used as an indication of ductility.

All tests were performed by using an automated ductilimeter apparatus
(Figure 2.6b), by following the prescriptions from SR 61 [171].

For each binder, three samples were tested at the same time. The reported
value of elongation for a binder was considered the average between the three
measurements, rounded to the nearest integer.

A total of 51 elongation tests were performed in this campaign.

—H—} Start test
+———+ 50mm/min
{!-— —-'_ End test

Elongation

(a) (b)

Figure 2.6. (a) Elongation test principle; (b) Ductilimeter Matest® - Road Laboratory,
University Politehnica Timisoara.

2.3.1.6 Density at 25°C

Density at 25°C of all binders was determined by using the capillary stoppered
pycnometer method described in SR EN 15326+A1:2009 [172] and Figure 2.7a.

Values of density were obtained as a relation between the weights of the
pycnometer as is described in equation 2.2 from SR EN 15326+A1:2009 [172], at a
temperature of 25°C.

me — My
(Mp —mg) = (mg —mc)
where mj is the weight of empty pycnometer, m,, is the weight of the pycnometer

filled with distilled water (measured after conditioning at 25°C for 45 minutes in a
water bath), m. is the weight of the pycnometer half filled with bitumen (measured

Density = (2.2)

after conditioning at 25°C for 45 minutes in a water bath) and my is the weight of

the pycnometer half filled with bitumen + distilled water (measured after conditioning
at 25°C for 45 minutes in a water bath).

All tests were performed by using a capillary stoppered pycnometer
equipment (Figure 2.7b), following the prescriptions from SR EN 15326+A1:2009
[172]. For each binder, two samples were tested.

A total of 34 density tests were performed in this campaign.
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a
Empty Pycnometer with Pycnometer Pycnometer
pycnometer distilate water with bitumen  with bitumen and

distilate water

(a) (b)

Figure 2.7. (@) Density measurement principle; (b) Capillary stoppered pycnometer -
Road Laboratory, University Politehnica Timisoara.

2.3.2 Complex shear modulus test

Complex shear modulus tests were performed on all binders. A DSR apparatus
with a 25 mm diameter plate-plate configuration with a 1 mm gap was used at
temperatures ranging from 25°C to 85°C and at frequencies ranging from 0.1 Hz to
10 Hz (Figure 2.8). Main characteristics of the rheometer are shown in Table 2.2.

Tests were performed at 5% targeted shear strain amplitude (;/) , by imposing

a sinusoidal shear strain signal and measuring the corresponding shear stress.
However, the torque limit of the instrument was reached for strain amplitudes lower
than the 5% targeted value during some tests at the lowest temperatures and highest
frequencies. Therefore, these tests were performed at strain amplitudes lower than
5%. It must be mentioned that at temperatures higher than 45°C the tests were
carried out for sure in the LVE domain. Since the LVE limit was not explicitly studied
in this work, maybe at low temperature (< 35°C) the tests were performed at the
limit of the LVE domain. A wider temperature and frequency ranges should be
considered in a future work and tests should be performed by using both 25 mm / 8
mm plate-plate configurations. Also, a study of the linearity should be performed.

Regarding the preparation of samples, the blends (prepared as described in
Section 2.2) were poured into a silicon mould and maintained at ambient temperature
for 4 hours until thermal equilibrium was reached. Then, the samples were placed in
the DSR test machine where the plates were already preheated at 45°C. The gap
between two plates was initially set to 1.10 mm and trimming was performed before
setting the final gap to 1 mm.

Table 2.2. Main characteristics of DSR apparatus used in this campaign.

Characteristics Anton Paar MCR SmartPave 102
Plate diameter 25 mm
Temperature control Peltier cell

Max. temperature range -160°C ... 1000°C
Angular frequency range 107 rad/s ... 628 rad/s
Normal force range 0.01N ... 50N

Normal force resolution 1 mN

Torque range 7.50 nNm ... 200 nNm
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L 25 mm Y
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—Upper plate

-
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Bitumen sample

Lower plate

(@ (b)

Figure 2.8. (a) Scheme of a DSR test and sample size; (b) DSR Anton Paar® MCR
SmartPave 102 device - Road Laboratory, University Politehnica Timisoara.

It must be specified that in this study only the 25 mm configuration as this
was the only available configuration in the Road Laboratory — University Politehnica
Timisoara.

The norm of complex shear modulus ‘G*‘ and its phase angle ¢ were

calculated from DSR test results. Complex shear modulus G" is a measure of the
total resistance to deformation of a linear viscoelastic material when subjected to
cyclic sinusoidal shear. Phase angle ¢ is an indicator of the relative amount of
recoverable and non-recoverable deformation [43].

In this work, for the phase angle the symbol ¢ was used instead of & which
is usually used for the phase angle obtained from DSR measurements due to the fact
that the symbol & was used for a 2S2P1D parameter.

Complex shear modulus tests were performed at seven temperatures and
different frequencies from 0.1 Hz to 10 Hz, as shown in Table 2.3. A total of 17 DSR
complex shear modulus tests were carried out in this campaign.

Table 2.3. Temperatures and frequencies used for DSR complex shear modulus tests
on all binders from this campaign.

Temperature (°C) Frequency (Hz)

0.100
25 0.167
35 0.278
45 0.464
55 0.774
65 1.290
75 2.150
85 3.590

5.990

10
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2.3.3 Bending Beam Rheometer (BBR) test

BBR test is designed to characterise the low-temperature behaviour of
binders. BBR tests were performed in order to determine the flexural creep stiffness,

S(t), and the m-value, m(t), (absolute value of the slope of the curve of /og 5 (t)

VS. logm(t)) for all the binder blends at different temperatures. The test consists in

a three-point bending creep test in which a constant load (0.980 N) is applied to the
mid-point of a bitumen beam (125 x 12.5 x 6.4 mm) for a specific loading time (240s)
and the evolution of the mid-point deflection is observed as a function of time
according to the standard EN 14771:2012. Figure 2.9 shows the scheme of the BBR
test (Figure 2.9a) and the equipment used from the Road Laboratory - University
Politehnica Timisoara (Figure 2.9b). Main characteristics of the BBR rheometer are
shown in Table 2.4. The calibration of the measurement system was carried out before
starting the tests provided in this campaign.

COMPUTER LVDT

Air bearing

Load cell Ethanol alcohol

(a) (b)

Figure 2.9. (a) Scheme of a BBR test; (b) BBR apparatus Coesfeld MaterialTest® and
Huber® thermostat - Road Laboratory, University Politehnica Timisoara.

Table 2.4. Main characteristics of BBR apparatus used in this campaign.

Technical data Bending Beam Rheometer
Temperature range - Huber® -45°C ... +200°C
Heating power 2kW

Travel up to 10 mm = 0.001 mm
Force up to 2000 mN + 0.1 mN
Fluid used for cooling ethanol

Control through PC, fully automatic

Regarding the preparation of samples, the blends (prepared as described in
Section 2.2) were poured into an aluminium mould (protected with plastic strips
covering the inside faces). O-rings were used in order to hold the hole assemble.

The filled mould was cooled in the ambient temperature for 60 minutes and
trimming was performed. Prior de-moulding, the mould containing the bitumen
specimen was cooled for 5 min in a liquid bath at the chosen test temperature.

After de-moulding, the bitumen specimen was placed in the testing bath in
order to conditionate it for 60 minutes at the chosen test temperature. The
preparation process of beam samples is shown in Figure 2.10.
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Aluminum mold

Bitumen sample
Rubber O-rin

Bitumen sample

:[12.5 mm
W

Figure 2.10. BBR bitumen sample preparation: mould and sample size.

e
6.4 mm

BBR test was performed for all binders from this campaign following the
method described in SR EN 14771:2012 [173]. Two samples/binder were tested at
each test temperature reported in Table 2.5.

Values of flexural creep stiffness S(t) and m-values m(t) at a specific

loading time, were determined by using equations 2.3 and 2.4, according to SR EN
14771:2012 [173].

p3
S(t)=——+— 2.3
) 4bh35 (t) (23
‘dlogS(t)‘
t)y= A 2.4
)~ Totog 1] e

where: S(t) is the flexural creep stiffness at time t, MPa; P=0.980N is the

measured test load, N; L =125 mm is the span length, mm; b=12.5mm is the
width of the test specimen, mm; h =6.4 mm is the thickness of the test specimen,

mm; 5(t) is the measured deflection of the test specimen at time t, mm; ¢ is the

time of loading, s.

All binder blends were tested at the same temperatures (from 0°C to -35°C,
every 5°C). However, some binders were too flexible (the measured deflection was
higher than 4 mm), or too stiff (the measured deflection was lower than 0.08 mm /
the bitumen sample broke during the test) during the BBR test at the highest and
lowest temperatures. Therefore, these test results were neglected. Table 2.5 shows
the test temperatures for each type of binder.

A total of 272 BBR tests were performed in this campaign (17 binders x 2
samples/binder x 8 test temperatures).
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Table 2.5. Temperatures used for BBR tests on all binders from this campaign.

Binders Temperature (°C)
RAP 0; -5; -10; -15
RAP + 5% Rej 0; -5; -10; -15; -20
RAP + 10% Rej
50/70
50/70 + 25% RAP + 5% Rej -10
50/70 + 25% RAP + 10% Rej -15
50/70 + 25% RAP + 15% Rej -20
50/70 + 50% RAP + 5% Rej -25
50/70 + 50% RAP + 10% Rej -30
50/70 + 50% RAP + 15% Rej -35
50/70 + 75% RAP + 5% Rej
50/70 + 75% RAP + 10% Rej
50/70 + 25% RAP
50/70 + 50% RAP -5; -10; -15; -20; -25
50/70 + 75% RAP
RAP + 15% Rej e e oE. aA.
50/70 + 75% RAP + 15% Rej 15; -20; -25; -30; -35

2.4 Definition of the two proposed estimation methods

The values of conventional parameters (pen. at 25°C, Trg g, Trraass) + Steady

shear viscosity at different temperatures 770(T), 2S2P1D parameters, norm of
complex shear modulus, ‘G* (T, f)‘ and critical temperatures

(TDSR high critical @14 TBBR jow critica/) of the blends of pure fresh binder, RAP binder

and rejuvenator were estimated using two different approaches and compared with
experimental values.

Both estimation methods are based on the same hypothesis which supposes
that the values of different parameters of a binder blend produced by mixing two or
more base materials, two binders or two binders and a rejuvenator, can be estimated
from experimental values obtained for the base constituents following a linear or a
logarithmic relationship (depending on the parameter) as a function of their
concentrations. More details are given in the following sections. Due to the fact that
the specific parameters for binders cannot be physically evaluated for the rejuvenator
some equivalent values must be used in the calculation (more details are given in
Section 2.4.2).

The analysis of the correlations between the experimental and estimated
results for all the blends is presented in the following sections.

2.4.1 First estimation method

The first approach which is classical two-way blending rule, supposes that
values for fresh binder and values for blends of RAP and rejuvenator (RAP + Rej) are
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known from experimental tests. The blending rule expressed in equations 2.5, 2.6
and Figure 2.11 is considered.

a (1-a) . .
1st approach a = relative mass
- + concentration of

Fresh binder RAP+Rej fresh binder in the
(50/70) A \ final blend.
- RAP
- RAP+5%Rej
- RAP+10%Rej
- RAP+15%Rej

Figure 2.11. Blending rule first estimation method.

In the equations, estimated parameters of the 12 blends,
Xplend est.1 @Nd Ypjend est. 1 for equations 2.5 and 2.6, respectively, are calculated

from experimental values obtained for pure fresh binder, X50,70 @nd Ysg /70 for

equations 2.5 and 2.6, respectively, and for blends of RAP binder and rejuvenator,
Xrap+Rej @nd Yrap.rej for equations 2.5 and 2.6, respectively, as a function of the

relative mass concentration of fresh binder in the final blend, a.

lelend est.1|=a'X50/7o +(1-a) ' (2.5)

|/09 Yblend est. 1|= a-|logYsq /70 [+ (1~ a)1l0g Yrap i Rrej (2.6)

Output Input
(estimated parameters (experimental parameters
for 12 blends) for 5 blends)
where:

X =TraB: TFraass, 252P1D parameter (h), Tpsr high critical 279 TBBR low critical /

G (T,f)

Y = pen., n9(T), , 252P1D parameters (B,7), ar;

a = relative mass concentration of fresh binder in the final blend.

Equation 2.5 was used to estimate ring and ball temperature (TR&B), Fraass
temperature  (Tgraass), 2S2P1D  parameter (h) and critical temperatures
(Tosr high critical @1d TaaR low criticat) While equation 2.6 (which is identical to
equation 2.5 in log-log axes) was used in order to estimate penetration (pen.) , steady

shear viscosity (770) at different temperatures, norm of complex shear modulus

‘G* (T, )

, 252P1D parameters (B,r) and ar temperature shift factors. Equation 2.6

is usually referred to as log-log rule [173]. Mangiafico et al. (2014) [174] proposed a
similar estimation method for the 2S2P1D constants and temperature shift factors for
binder blends produced by mixing one type of RAP binder and different types of fresh
binders. As values for fresh and RAP + Rej binders are known, only values of 12
produced blends have to be determined.
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2.4.2 Second estimation method

The second approach requires only values of concentration and parameters of
the three base components (fresh binder, RAP and rejuvenator). The blending rule
expressed in equations 2.7, 2.8 and Figure 2.12 is considered.

a ((1-a) -a-b)
2nd gpproach - 6 + ‘ ‘

Fresh binder RAP Rejuvenator
(50/70) (Rej)
*a = relative mass concentration of fresh binder in the final blend.
*b = relative mass concentration of RAP binder in the final blend.

Figure 2.12. Blending rule second estimation method.

Equation 2.7 was used to estimate values of Tpgg, Trraass: 2S52P1D
parameter (h), Tpsr high critical @7 TBBR low critical While equation 2.8 was used for

values of pen., 770(T) at different temperatures, norm of complex shear modulus

6™ (T.f),

Estimated values of the blends, Xpjend est. 2 @1d Ypjend est. 2 for equations

2S2P1D parameters (B,7) and ar shift factors for the 15 blends.

2.7 and 2.8, respectively, were calculated from experimental values obtained for pure
fresh binder ( Xsg/79 and Ysg/7¢ for equations 2.7 and 2.8, respectively) and RAP

binder, Xgap and Ygrpp for equations 2.7 and 2.8, respectively, and from equivalent
values for the rejuvenator Xgej and Yge; for equations 2.7 and 2.8, respectively,

that are reported in following sections. In the equations, a, b and c are the relative
mass concentrations of fresh binder, RAP binder and rejuvenator, respectively
(@a+b+c=1).

[Xb/end est. 2}6'%50/70}“)(%%%'. (2.7)
/ogw_ a-log Y50/70 b- /o+ C- /og% (2.8)

Output Input Input
(estimated (experimental Equ|va|ent \_/a_lue_s_
parameters for 15 parameters for 2 obtained by minimizing
blends) binders) the distance between exp.
and est. results
where:

X =TraB: TFraass, 252P1D parameter (h), Tpsg high critical @19 TBBR low critical

(1),

Y = pen., n9(T), 252P1D parameters (B, 1), ar;

a, b, c = relative mass concentration of fresh binder, RAP binder and rejuvenator in
the final blend (values in Table 2.1).
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In the equations 2.7 and 2.8, a and c¢ could be calculated as functions of the
relative mass concentration of RAP binder in the final blend, b, and the dosage of the
rejuvenator by the mass of RAP binder, r(O%, 5%, 10% or 15%). Equations 2.7 and
2.8 could then be rewritten as equations 2.9 and 2.10.

Xplend est.2 =[1=b-(1+7)]-Xs50,70 + b Xgap + b -1 Xgej (2.9)
10g Ypjend est.2 =[1-b-(1+r)]-10gYs0 /70 +b-10g Yrap +b-r -10g Yrej (2.10)

Equivalent values for the rejuvenator (XRej and YReJ-) were obtained by

minimizing the distance (D) between experimental and calculated values (equations

2.9 and 2.10). The distance D is the sum of the square of the difference between the
15

experimental and calculated values for the 15 blends: D =Z(Exp.—Est.)2. More
1

details are given in the following sections.

It should be highlighted that these equivalent values were used only in the
context of the blending law, therefore they are not intended to reflect actual properties
of the rejuvenator.

2.5 Analysis of European conventional parameters
2.5.1 Experimental results

Conventional tests were performed on all binders in order to determine
penetration at 25°C (pen., SR EN 1426:2015 [17]), softening point (Tzgg, SR EN

1427:2015 [56]), ductility at 25°C (elongation , SR 61 [171]), Fraass breaking point
(Trraass» SR EN 12593:2015 [170]), and density at 25°C (SR EN 15326+A1:2009

[172]). The Penetration Index (PI) was also calculated according to SR EN

12591:2009 [18]. The results are reported in Table 2.6.

The experimental results, analyses and the estimation of these conventional
parameters, have been presented in two publications Forton et al., 2019, 2020 [128],
[175]. With respect to these articles, only slight modifications have been made.

Penetration (in logarithmic scale) and softening point of all binders are plotted
as functions of RAP binder content in Figure 2.13a and 2.13b.

The results obtained for the RAP binder are coherent with the expected results
for an aged binder [176].

As expected, results in Table 2.6 and Figure 2.13a and 2.13b show a decrease
in penetration and an increase in softening point as RAP binder content increases for
the blends produced without rejuvenator. Increasing penetration values and
decreasing ring and ball temperatures were observed when increasing the dosage of
the rejuvenator in blends.

Fraass breaking point temperature and PI of all binders are plotted as
functions of RAP binder content in Figure 2.13c and 2.13d, respectively.
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An increase in both Tg,,555 and PI values of blends without rejuvenator is

observed as RAP binder content increases. On the contrary, values of both parameters
decrease when the percentage of Rej in blends increases.
Similar tendencies to those observed for the Tg,55s and PI values were

found for the values of density at 25°C (Figure 2.13e).

Regarding the results obtained for the elongation, it was not possible to
observe the effect of increasing the percentage of rejuvenator on ductility results since
measure span of the test machine is limited to 150 cm (Table 2.6). For the binder
blends produced without rejuvenator it can be observed that the elongation is
decreasing with the increase of the RAP binder content and is always lower than 150
mm.

In Figure 2.13, linear regressions were performed for values of properties of
blends having the same rejuvenator content (0%, 5%, 10% and 15%).

As a general comment, it could be observed that with increasing RAP binder
content properties of blends without rejuvenator tend towards those of pure RAP
binder, as expected. The effect of the rejuvenator proves to counterbalance this
tendency, as it could be observed from the change of slope of regressions in Figure
2.13 for different rejuvenator contents.

As it could be observed in Figure 2.13 and Table 2.6, the results obtained (for
pen., Tras, Trraass: PI and density) for the blends produced with 5% rejuvenator

by mass of the RAP binder, show the same tendencies as those obtained for the blends
produced without rejuvenator. This means that the amount 5% of rejuvenator by
mass of the RAP binder is not sufficient to counterbalance the effect of the RAP binder.

Moreover, the results obtained for the blends produced with 10% rejuvenator
by mass of the RAP binder are similar to those obtained for fresh binder 50/70,
independently of the RAP binder content. This indicates the capability of the
rejuvenator (in terms of mechanical characteristics) to rejuvenate the hard-aged RAP
binder and finally to provide a final product with similar properties of fresh binder.
This effect can be observed in Figure 2.13 a-d, where the regression lines for the

blends produced with 10% rejuvenator are close to the horizontal line. R? values are
not meaningful since pen., Trgpg, Trraass and PI values of all blends remain

approximately constant for all RAP binder contents. Thus, for the results obtained for
density this observation is not valid.

On the other side, for the blends produced with 15% rejuvenator by mass of
the RAP binder, an inverse effect can be observed. It is interesting to notice that
blends with 15% rejuvenator appear to become softer with increasing RAP binder
content. This trend can be explained by the fact that the rejuvenator content is
calculated with respect to RAP binder content and also by the fact that the 10%
rejuvenator amount seems to be the ‘optimal dosage’ in order to obtain a blend with
similar mechanical characteristics as a fresh 50/70 pen. grade binder.
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Table 2.6. Experimental results of the conventional tests for all tested binders presented in Table 2.1.

. pen. TraB ° Elongation . 3 PI

Materials (0.1 mm) °C) Trraass (°C) (cm) Density (kg/m?3) )
50/70 54 48.60 -14 > 150 1016 -1.39
RAP 11 79.00 -2 52 1060 1.01
RAP + 5% Rej 27 62.00 -9 99 1054 0.03
RAP + 10% Rej 60 47.60 -15 > 150 1048 -1.41
RAP + 15% Rej 100 39.00 -18 > 150 1043 -2.92
50/70 + 25% RAP 41 54.00 -12 138 1024 -0.70
50/70 + 25% RAP + 5% Rej 46 50.40 -13 > 150 1023 -1.29
50/70 + 25% RAP + 10% Rej 53 48.60 -14 > 150 1022 -1.43
50/70 + 25% RAP + 15% Rej 60 47.60 -15 > 150 1021 -1.41
50/70 + 50% RAP 30 58.80 -10 98 1032 -0.36
50/70 + 50% RAP + 5% Rej 43 52.80 -12 > 150 1030 -0.87
50/70 + 50% RAP + 10% Rej 53 48.20 -14 > 150 1028 -1.54
50/70 + 50% RAP + 15% Rej 67 46.40 -16 > 150 1026 -1.53
50/70 + 75% RAP 23 64.00 -8 77 1041 0.08
50/70 + 75% RAP + 5% Rej 35 56.60 -11 > 150 1037 -0.48
50/70 + 75% RAP + 10% Rej 57 48.40 -14 > 150 1034 -1.32
50/70 + 75% RAP + 15% Rej 78 43.20 -16 > 150 1032 -2.07
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2.5.2 Estimation of European conventional parameters

Penetration at 25°C (pen.), ring and ball temperature (Tgrgpg) and Fraass

breaking point temperature (Tg,a55) Values were estimated from experimental

results obtained for the base constituents, by using the two different estimation
approaches presented in Section 2.4.
In order to estimate pen. values equation 2.6 (1st estimation) and equation

2.10 (2" estimation) were used, respectively equation 2.5 (1%t estimation) and
equation 2.9 (2" estimation) were used for the estimation of Tpgg and Tg5545 - The

estimated values obtained for these three conventional parameters are reported,
respectively in Table 2.7 and Table 2.8.

The estimated values determined with respect to these two proposed
approaches were then rounded by following identical rules shown in Section 2.3, as
follows:

— penetration values were expressed in tenths of mm rounded to the nearest

integer;

— ring and ball temperature were expressed to the nearest 0.20°C;

— Fraass breaking point temperatures were rounded to the nearest integer.

Correlation plots of estimated values vs. experimental results are shown in
Figure 2.14.

In each plot, coefficients of determination R? of both correlations 1st and 2nd
estimation vs. experimental results were calculated with respect to the equality line.
In the calculation of Rz, values of the following three parameters of the base
constituents were not taken into account: Xsg /70, Y50,/70, XraP+Rej @Nd YRAPRej

(5 binders) for the first approach Equations 2.5 and 2.6,
X50,70+ Y50,/70, XrAP, YRAP, XRej @Nd Ygej 2 binders and the rejuvenator for the

second approach (Equations 2.9 and 2.10).
Regarding the second estimation approach, as mentioned in Section 2.4.2,

equivalent values of the rejuvenator (XRej and YReJ-) were obtained by minimizing

the distance D between experimental and estimated values of each parameter. The
distance D is the sum of the square of the difference between the experimental and
calculated values for the 15 blends. As already mentioned, these equivalent values of
the rejuvenator were used only in the context of the estimation approach, therefore
they are not intended to reflect real properties of the rejuvenator.
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As it could be observed in Figure 2.14, greater values of the coefficient of
determination were found with the first estimation approach than the second one.
However, as a general observation the estimated values obtained by applying these
two approaches are close to the measured values of pen., Tpgpg and Tg555s for all

the binder blends. The satisfactory values of R? found (always higher than 0.962)
show that both estimation methods can be considered valid for the tested binders.

Table 2.7. Estimated values of penetration, ring and ball temperature, Fraass breaking
point temperature from the 15t estimation approach for the 12 binder blends.

1st estimation

Binder blends TraB  TFraass

(0.1 mm) (°C) (°C)
50/70 + 25% RAP 41 54.00 -12
50/70 + 25% RAP + 5% Rej 47 51.00 -13
50/70 + 25% RAP + 10% Rej 55 48.40 -14
50/70 + 25% RAP + 15% Rej 61 46.60 -15
50/70 + 50% RAP 31 59.40 -10
50/70 + 50% RAP + 5% Rej 42 53.40 -12
50/70 + 50% RAP + 10% Rej 56 48.20 -14
50/70 + 50% RAP + 15% Rej 69 44.80 -16
50/70 + 75% RAP 23 64.80 -8
50/70 + 75% RAP + 5% Rej 37 56.00 -11
50/70 + 75% RAP + 10% Rej 57 48.00 -15
50/70 + 75% RAP + 15% Rej 77 43.20 -16

Table 2.8. Estimated values of penetration, ring and ball temperature, Fraass breaking
point temperature from the 2" estimation approach for the 15 binder blends.

2nd estimation

Materials pen. TraB TEraass
(0.1 mm) (°C) (°C)
Rej equivalent 3x108 -240.20 -131
RAP + 5% Rej 25 63.80 -8
RAP + 10% Rej 52 50.00 -14
RAP + 15% Rej 103 37.40 -19
50/70 + 25% RAP 41 54.00 -12
50/70 + 25% RAP + 5% Rej 47 51.40 -13
50/70 + 25% RAP + 10% Rej 54 48.80 -14
50/70 + 25% RAP + 15% Rej 61 46.40 -15
50/70 + 50% RAP 31 59.40 -10
50/70 + 50% RAP + 5% Rej 41 54.20 -12
50/70 + 50% RAP + 10% Rej 53 49.20 -14
50/70 + 50% RAP + 15% Rej 69 44.20 -16
50/70 + 75% RAP 23 64.80 -8
50/70 + 75% RAP + 5% Rej 35 57.00 -11
50/70 + 75% RAP + 10% Rej 53 49.40 -14

50/70 + 75% RAP + 15% Rej 78 42.20 -17
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2.6 Analysis of complex shear modulus
2.6.1 Experimental results

Part of the experimental results, including the determination of steady shear
viscosity, analyses and the estimation of these parameters, have been presented in
two publications Forton et al., 2019, 2021 [128], [177]. With respect to these articles,
only slight modifications have been made.

As an example, isothermal curves of norm of complex shear modulus and
phase angle for the blend 50/70 + 25% RAP + 5% Rej are shown in Figure 2.15.

In order to investigate the influence of RAP binder and rejuvenator content,

. %
isothermal master curves of norm ‘G ‘ and phase angle ¢ of complex shear modulus

at a reference temperature of 55°C and Black diagrams were built for all binders.
The time-temperature superposition principle was applied to obtain
temperature shift factors ar [122], [174], [178], [179]. Master curves were derived

from experimental results at the reference temperature (Tref = 55°C) . Equations 2.11
and 2.12 were considered.

6™ (T.F) =[G (Trer, ar -F) (2.11)

P(T,f) = @(Trer, ar -f) (2.12)

where T and f are, respectively, the test temperature and frequency and T.of is
the reference temperature. Values of ar for each binder were fitted using WLF

equations.
Values of ar shift factors and WLF constants (equation 1.26 from Section

1.5.2) for all tested binders are reported in Table 2.9.

*
As an example, master curves of ‘G ‘ and ¢@ at a reference temperature of

55°C (Figure 2.16a), temperature shift factors vs. temperature and WLF curves
(Figure 2.16b) and Black diagrams (Figure 2.16c¢) of blends of RAP binder and
rejuvenator are shown in Figure 2.16. Similar graphs plotted for the other binders are
reported in Figures A1.1 - A1.3 in Appendix 1.

The data presented in Black diagrams are located on a unique curve for each
of the considered blends. This means that the time temperature superposition
principle (TTSP) is valid for all tested binders. Then they are thermorheologically
simple even when containing the rejuvenator.

As expected, master curves, Black curves and ar shift factors of the blends

produced without rejuvenator fall between corresponding master curves of fresh
50/70 binder and RAP binder. On the other side, the increase of the rejuvenator
content into the blends corresponds to master curves, Black curves and shift factors
progresively approaching to those of the 50/70 fresh binder.

From the data presented it results that the blends produced with fresh and
RAP binders and 10% Rej by mass of the RAP binder presents close properties to
those of the fresh 50/70 binder, independently of the RAP binder content, that is
themaster curves and shift factors are significantly close to those of the fresh 50/70
binder. However, these blends produced with 10% Rej are stiffer and they present
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much lower phase angle values compared to the fresh binder used in this study. This
trend indicates that this rejuvenator is able to counterbalance the effect of the hard-
aged RAP binder into the blends, in term of mechanical characteristics.

Moreover, the blends produced with fresh and RAP binders and 15% Rej by
mass of the RAP binder show a behaviour which may corresponds to a ‘softer binder’
than the fresh binder used in this study. In Figure 2.16 it could be observed that the
blend RAP + 15% Rej presents a behaviour that corresponds much more with the
data obtained for the 50/70 binder. This trend can be explained by the fact that the
optimal dosage of the rejuvenator is probably closer to 15% Rej by mass of the RAP
binder, corresponding to 0.6% rejuvenator by mass of the RAP material for the
corresponding bituminous mixture in order to obtain a blend who presents a similar
behaviour as a fresh 50/70 pen. grade binder.

By increasing the rejuvenator content above this optimal percentage softer
binders than the 50/70 pen. grade binder can be obtained. However, in order to
determine the optimal dosage of a rejuvenator, this process must not be performed
on only one direction due to the fact that this dosage may not meet all the
specifications of a fresh virgin binder. Therefore, DSR tests must be combined with
other tests at low temperature and also with a chemical investigation of rejuvenated
binder blends in order to determine the proper optimal dosage of the rejuvenator.
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Figure 2.15. Example of complex shear modulus test results for the blend 50/70
+25% RAP + 5% Rej: (@) norm of complex shear modulus isotherms; (b) phase angle
isotherms.



2.6 Analysis of complex shear modulus 87

1x102 90
80
1x10°
o - 70
n- )
= 1x102 <
x 60 S
)
1x104 A
50
1x106 T T T 40
3x10 3x10-2 3x100 3%x102 3x10%
a) ar . frequency (Hz)
3x103 3107
3x10!
~ 80
© 3x10
Tret = 55°C N
3x103 T T T T T T 1
20 30 40 50 60 70 80 90
b) Temperature (°C)
1x102
v <5%
T(DSR maximum load
1x100 e Capacity reached)
e y=5%
= 1x107
¥
9 1x10+4
1x106 T T
40 60 80
c) ¢ (°)
70 - WLF
450/70 gOA/P E)Wl_F
ORAP
©50/70 + 50% RAP T 50/70 + 50% RAP - WLF
©50/70 + 50% RAP + 5% Rej 50/70 + 50% RAP + 5% Rej - WLF
©¢50/70 + 50% RAP + 10% Rej ~ =~ 50/70 + 50% RAP + 10% Rej - WLF
¢50/70 + 50% RAP + 15% Rej - 50/70 + 50% RAP + 15% Rej - WLF

Figure 2.16. Complex shear modulus test results for the blends produced with fresh
binder, 50% RAP and different dosages of rejuvenator: (a) master curves of the norm
and phase angle of complex shear modulus; (b) temperature shift factors and WLF
curves; (c) Black diagrams.
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Table 2.9. DSR complex shear modulus test results for all binder: a; temperature shift factors and WLF constants.

_ ar (-)
Binders C: C:
25°C 35°C 45°C 55°C 65°C 75°C 85°C
50/70 3.96x10? 41.00 5.30 2.36x10"  7.40x10%? 2.62x1072 8.15 123.10
RAP 1.41x103 88.00 7.90 1.60x10!  3.30x107 7.70x1073 12.58 149.84
RAP + 5% Rej 5.82x10%2  52.00 6.00 2.10x10* 5.30x102  1.62x107 10.16  140.31
RAP + 10% Rej 3.00x10%  33.00 4.90 2.53x101  7.70x102  2.70x107 8.13 133.66
RAP + 15% Rej 1.82x102  22.00  4.21 2.97x107  1.02x10"  4.12x102 | 7.16  124.98
50/70 + 25% RAP 5.59x102  48.00 5.70 2.20x107  6.04x102  1.97x102 | 9.16  129.98

2.31x10"  6.49x107 2.20%x107 8.65 126.56
2.40x10*  7.00x107 2.44x107 8.34 125.08
2.49x10"  7.47x107 2.70%x107 8.04 123.63
2.08x10" 5.30x107 1.68x107? 9.95 136.46
2.25x10"  6.37x107 2.07x107 8.97 130.03
2.43x10"  7.33x107 2.55%x107 8.25 125.41
2.61x10" 8.37x107 3.10x107 7.79 124.54
1.92x10!  4.62x107 1.30x107 10.51 137.16
2.16x10" 5.75x107 1.79x107 9.48 132.81
2.42x10*  7.07x107 2.43%x107 7.80 130.26
2.69x10"  8.61x1072 3.24x107 7.26 125.68

50/70 + 25% RAP + 5% Rej ~ 4.88x10%>  43.50 5.50
50/70 + 25% RAP + 10% Rej 4.27x10*>  39.80 5.30
50/70 + 25% RAP + 15% Rej 3.76x10%>  36.90 5.08
50/70 + 50% RAP 6.37x10%>  52.50 5.98
50/70 + 50% RAP + 5% Rej ~ 4.89x10%  44.03 5.53
50/70 + 50% RAP + 10% Rej 3.78x10%  37.06 5.11
50/70 + 50% RAP + 15% Rej 2.96x10%  31.46 4.74
50/70 + 75% RAP 8.75x10%>  63.80 6.70
50/70 + 75% RAP + 5% Rej ~ 5.85x10%>  48.77 5.92
50/70 + 75% RAP + 10% Rej 3.99x10>  37.85 5.28
50/70 + 75% RAP + 15% Rej 2.78x10%>  29.72 4.72

R e = = T = T T e e e e e S S e
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2.6.2 2S2P1D modelling
2.6.2.1 Experimental data fitting

Experimental data presented in Section 2.6.1 under the form of master curves
of the norm and phase angle of complex shear modulus, Black and WLF curves were
modelled using 2S2P1D model (Section 1.5.3, equation 1.28). Due to the fact that
DSR complex shear modulus tests were performed only at intermediate and high
temperature, the 2S2P1D model could not be fitted on the Cole-Cole curves.

The experimental results, analyses and the estimation of the 2S2P1D
parameters was presented in one publications Forton et al., 2021 [180]. With respect
to this article, only slight modifications have been made.

Taking into consideration that all binder blends were produced by mixing two
base binders with and without the rejuvenator, first the experimental results obtained
for fresh and RAP binders were modelled using 2S2P1D model (Figure 2.17).

All binders were tested at intermediate and high temperatures and by plotting
the obtained data in a Cole-Cole representation it was observed that the experimental
data fits only on the first part of the curve. By fitting the 2S2P1D model on the data

obtained for the two base binders it was observed that the glassy modulus Gy and

the parameter k do not show an important variation, which characterize the ‘final
part’ of the 252P1D model Cole-Cole plot. A similar comment can be made also for
the shape parameter & . Therefore, in this work the values of Gy, k and & were

imposed and assumed to have the same constant values for all binders. Also, for all
binders Ggg =0 MPa .

It must be mentioned that probably this assumption could not be valid if a
larger temperature range will be considered e.g. DSR tests performed at lower
temperatures. Therefore, further investigation must be done on this direction.

The values of these constant parameters were established according to the
2S2P1D fitting model of fresh 50/70 and RAP binders

(Goo = 0 MPa, Gy = 980 MPa, k = 0.25 and & = 4.3).

8x10! 7 90
- 80
sx1i0t 4 By s K

e - 70
£ 8x107 >
o : L 60 &

8x10- 1 A ' 50/70 - measurements L 50

,‘A O  RAP - measurements
PR — — —-2S2P1D model - 50/70
8x107 £ n ZSZPlDI model - RAP . 40
3x10+4 3x102 3x100 -3x102 3x104

a; - frequency (Hz)
a)
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Figure 2.17. 2S2P1D model fitting of DSR complex shear modulus test results for the
fresh 50/70 and RAP binders: (a) master curves of norm and phase angle of complex

shear modulus (7,er =55°C); (b) WLF curves; (c) Black curves.

The experimental results obtained for all binders (7o = 55°C) were modelled
using the same proposed approach and the results are presented in Figures Al.4 -
A1.18 reported in Appendix 1.

The values of 2S2P1D parameters (h,Band r) for all tested blends are
reported in Table 2.10 and in Figures 2.19a - 2.19c as a function of RAP binder
content.

As it can be observed, parameters h, 8 and r show remarkable tendencies

with the increase of RAP binder and rejuvenator contents in the final blends. Similar
observation can be done also for the shift factors tendency. With this regard, the
Figure 2.18d shows an example of the ar shift factors obtained for all tested binders

corresponding to the 65°C. Similar plots are presented for the ar shift factors

corresponding to the other temperatures obtained for all tested binders in Figure
A1.19 reported in Appendix 1. The values of ar shift factors for all tested binders are
reported in Section 2.6.1, Table 2.9.

As already mentioned, values of h,logpB, logt and logar show linear
relations with RAP binder and Rej contents. Therefore, linear regressions were
performed for the blends produced with the same rejuvenator content of 0%, 5%,
10% and 15% by mass of the RAP binder content.
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Figure 2.18. 2S2P1D parameters for all tested binders: (a) h tendency with RAP
binder content; (b) B tendency with RAP binder content; (c) r tendency with RAP

binder content; (d) ar (65°C) tendency with RAP binder content.
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Table 2.10. 2S2P1D parameters for all tested binders.

Binders Goo Go k 0 h B T
(MPa) (MPa) ) ) ) ) (s)
50/70 0.633 124 4.60x10°°
RAP 0.596 630 8.70x108
RAP + 5% Rej 0.614 360 1.99%108
RAP + 10% Rej 0.634 198 6.53%x10°
RAP + 15% Rej 0.645 135 2.65x10°
50/70 + 25% RAP 0.625 166 7.90%x10°°
50/70 + 25% RAP + 5% Rej 0.629 158 6.42%x10°
50/70 + 25% RAP + 10% Rej o n o 0.633 132 4.60x10°
50/70 + 25% RAP + 15% Rej © ® g : 0.636 120 3.91x10°
50/70 + 50% RAP 0.620 235 1.22x108
50/70 + 50% RAP + 5% Rej 0.627 195 7.20x10°
50/70 + 50% RAP + 10% Rej 0.632 145 5.00x10°
50/70 + 50% RAP + 15% Rej 0.637 124 3.50x10°
50/70 + 75% RAP 0.614 310 2.28x108
50/70 + 75% RAP + 5% Rej 0.623 238 1.08x108
50/70 + 75% RAP + 10% Rej 0.631 166 5.75x10°

50/70 + 75% RAP + 15% Rej 0.638 125 3.53x107°
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As it could be observed in Figure 2.18a, parameter h shows a linear
relationship with the RAP binder content. For the blends produced without rejuvenator

the increase of RAP binder content corresponds to a decrease of parameter h values
heading towards values of RAP binder. On the other side, the increase of rejuvenator

content corresponds to an increase of h values. For the binder blends produced with

10% Rej a lower value of the R? of 0.813 was obtained, value that is not meaningful
since the h values of all these blends remain approximately constant independently
of the RAP binder content.

Similar remarks are valid for parameters B, r and ar temperature shift

factors in a logarithmic scale (Figure 2.18b, 2.18c and 2.18d). The values of 8 and

7 are increasing with the increase of RAP binder content and on the contrary they
are decreasing with the increase of rejuvenator content. Similar tendencies were
observed for the ar shift factors (25°C, 35°C, 45°C). An inverse tendency can be

observed for the ar shift factors for the corresponding temperature at 65°C, 75°C

and 85°C.

These observations suggest the possibility of the rejuvenator to balance the
effect of RAP binder on the LVE behaviour of the tested binder blends.

For simplicity in the following section, the values of 2S2P1D parameters

(h, B and r) and values of ar shift factors determined for all the blends by fitting the

2S2P1D model on the experimental results, as described so far are referred to as
‘experimental’.

2.6.2.2 Estimation of 2S2P1D parameters

As previously described in Section 2.6.2.1, the LVE behaviour of all binder
blends depends on the content of RAP binder and rejuvenator contents, this being
shown by the master curves and 252P1D parameters tendencies with the RAP binder
content. The same procedures considering 1t and 2" estimation approaches were
used in order to estimate LVE behaviour of all binder blends over the whole
temperature and frequency range from the LVE properties of the base binders: five
binders for the 15t approach and the two base binders (50/70 fresh and RAP binders)
and the rejuvenator and their concentrations.

In accordance with the observed tendencies i.e. parameter h shows a linear
relationship with the RAP binder content, respectively parameters B, r and ar shift
factors show similar relations but in a logarithmic scale equation 2.5 considering the
linear rule for 1st approach and equation 2.9 considering the linear rule for 2nd
approach were used in order to estimate the parameter h, respectively equations 2.6
as log rule for 15t approach and 2.10 as log rule for 2" approach for the estimation of
parameters B, r and ar shift factors.

As already mentioned in all previous sections were the estimation results were
analysed for other parameters, in the second approach the equivalent values of the
rejuvenator used, are not intended to reflect its actual properties and were used only
in the context of the blending rule.

Equivalent values for the rejuvenator (/"Rej and XRej) were obtained by

following the same principle as already showed in the previous sections.
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The experimental results as direct determination of parameters h (Figure
2.19a), B (Figure 2.19b), ¢ (Figure 2.19c) and of temperature shift factors, ar

corresponding to 65°C (Figure 2.19d) were plotted as a function of RAP binder
content, together with the equivalent values determined for the rejuvenator. As it can
be observed, linear regressions could be performed with excellent approximation, for
all series of blends, by imposing as intercept point the equivalent values determined

for the rejuvenator (hRej and XRej) . It can be noted that R? values are satisfactory,
always greater than 0.958.
0.99

103
Ry
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©50/70 + 50% RAP + 5% Rej Regression blends with 100% RAP

Figure 2.19. Experimental values of h, B, ¢ and ar (at 65°C) and equivalent values

of the rejuvenator as a function or RAP bitumen content: re-calculation of R? by
imposing the equivalent values of the rejuvenator as an intercept point for all linear
regressions.
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Similar plots were built for the ary temperature shift factors for all
temperatures, as it could be observed in Figure A1.20 in Appendix 1.
Estimated values of 2S2P1D parameters (h,Band r) are shown in Table

2.11. Values for temperature shift factors are shown in Table 2.12 (1St estimation)
and Table 2.13 (2" estimation).

Figure 2.20 shows by applying 15t and 2" estimation approaches plots of
estimated vs. experimental values of 2S2P1D parameters h, 8 and r . Similar plot

was built for ar temperature shift factors at all temperatures, as it shown in Figure
2.20d. In Appendix 1 similar plots were reported for ar temperature shift factors for
all binders for each temperature (Figure A1.21 - A1.22).

For both correlations (the coefficients of determination R? were calculated
with respect to the equality line. R? values were calculated without taking into
account the input values for each parameter with respect to each approach: h, 8,
and ar values for fresh binder and RAP + Rej blends in a total of five binders for the
1st approach; h, B, ¢ and ar values for the two base binders and the equivalent

values for the rejuvenator for the 2"d approach.
It could be observed that for all analysed 2S2P1D parameters and
temperature shift factors the obtained estimated results are significantly close to the

experimental ones. Satisfactory values of R? higher than 0.949 were found. Slightly
higher correlation with the experimental results was found for the estimated values
obtained with the 2" approach, except for the parameter r.

As it could be observed in Figure 2.20b, the parameter B is the only 2S2P1D
parameter that do not show a very strong correlation with the experimental values:
for the 1st approach R% = 0.949 and for the 2nd approach R% =0.957.

In particular, the parameters h (Figure 2.20a) and ¢ (characteristic time at
reference temperature given in Figure 2.20c) and ar temperature shift factors (Figure

2.20d) show good correlation. Therefore, it can be concluded that temperature
sensitivity of the tested binders is dependent on the RAP binder and rejuvenator
contents and it varies linearly with this in logarithmic scale for r and ar.
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Table 2.11. Estimated values of 2S2P1D parameters for all binders.

1st estimation

2nd estimation

Materials he BGO 10 h () B () : )

50/70 N N N N N N*

RAP N* N* N* N* N* N*

Rej equivalent - - - **0.985 *3.52x1073 *7.01x102°
RAP + 5% Rej N N N 0.614 354 2.31x108
RAP + 10% Rej N* N* N* 0.631 210 6.92x10°
RAP + 15% Rej N* N* N* 0.647 130 2.30%x10°
50/70 + 25% RAP 0.626 166 7.78x107° 0.626 166 7.78x10°
50/70 + 25% RAP + 5% Rej 0.629 151 6.04%x107° 0.630 151 6.22x10°
50/70 + 25% RAP + 10% Rej 0.633 136 4,92x10° 0.633 137 4,97x107°
50/70 + 25% RAP + 15% Rej 0.636 126 4,12%x10° 0.636 125 4.00x107°
50/70 + 50% RAP 0.620 222 1.31x108 0.620 222 1.31x108
50/70 + 50% RAP + 5% Rej 0.626 184 7.89x107° 0.626 183 8.35x10°
50/70 + 50% RAP + 10% Rej 0.633 148 5.25%x10° 0.632 151 5.37x10°
50/70 + 50% RAP + 15% Rej 0.637 128 3.71x107° 0.638 126 3.52x10°
50/70 + 75% RAP 0.614 296 2.22x108 0.613 296 2.22x108
50/70 + 75% RAP + 5% Rej 0.622 222 1.03x10® 0.623 220 1.11x108
50/70 + 75% RAP + 10% Rej 0.634 161 5.60x107° 0.632 167 5.79%x10°
50/70 + 75% RAP + 15% Rej 0.640 130 3.36x107° 0.641 127 3.10%x10°

N* - no estimation performed (direct determination results).

*k

estimated results.

- equivalent values for the rejuvenator obtained by minimizing the distance between experimental and
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Table 2.12. Estimated values of temperature shift factors ar by applying the 1st estimation approach for all binders analysed

in this approach.

Binders

1st estimation

ar25°C  ar35°C  ar45°C  ar65°C  ar75°C  ar 85°C
50/70 + 25% RAP 4.97x102  46.99 5.69  2.20x10! 6.41x102 2.11x1072
50/70 + 25% RAP + 5% Rej 4.25x102  42.85 5.42  2.31x10 6.96x102 2.40x1072
50/70 + 25% RAP + 10% Rej 3.75x102  39.32 5.22  2.39x10! 7.46x102 2.64x1072
50/70 + 25% RAP + 15% Rej 3.39x102  36.20 5.06  2.47x10' 7.89x102 2.87x1072
50/70 + 50% RAP 6.23x102  53.86 6.11 2.05x10" 5.55x102 1.69x1072
50/70 + 50% RAP + 5% Rej 4.56x102  44.75 555  2.26x10! 6.54x102 2.19x1072
50/70 + 50% RAP + 10% Rej 3.56x102  37.76 5.14  2.42x10 7.51x102 2.65x1072
50/70 + 50% RAP + 15% Rej 2.92x102  32.17 4.85  2.58x107! 8.39x102 3.13x10
50/70 + 75% RAP 7.82x102  61.73 6.56 1.92x10"1  4.80x102 1.36x10°2
50/70 + 75% RAP + 5% Rej 4.89x102  46.70 567  2.21x10" 6.16x102 2.01x10%2
50/70 + 75% RAP + 10% Rej 3.39x102  36.31 5.07  2.45x10 7.57x102 2.66x10°2
50/70 + 75% RAP + 15% Rej 2.54x102  28.75 4.65  2.69x10! 8.89x102 3.39x10>
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Table 2.13. Estimated values of temperature shift factors a; by applying the 2" estimation approach for all binders analysed
in this approach.

2nd estimation

Materials ar 25°C ar35°C  ar45°C  ar65°C ar 75°C ar 85°C
Rej equivalent "1.67x10* "2.13x103  75.36x10? 20.60 "1.83%x10? *2.83x103
RAP + 5% Rej 6.60x102 53.06 6.23 2.02x101 4.97x10? 1.42x107?
RAP + 10% Rej 3.31x10? 33.49 5.02 2.49x101 7.23x107? 2.47x107?
RAP + 15% Rej 1.76x10? 22.01 4.12 3.01x10? 1.02x10? 4.09x10?
50/70 + 25% RAP 4.97x10? 46.99 5.69 2.20x101 6.41x107 2.11x107
50/70 + 25% RAP + 5% Rej 4.36x10? 43.03 5.46 2.29x10* 6.87x107? 2.34x107°
50/70 + 25% RAP + 10% Rej 3.82x10° 3941 5.24 2.38x10* 7.37x10? 2.59x10°
50/70 + 25% RAP + 15% Rej 3.37x10? 36.20 5.04 2.48x10" 7.89x10% 2.87x10?
50/70 + 50% RAP 6.23x10° 53.86 6.11 2.05x101 5.55x107 1.69x10?
50/70 + 50% RAP + 5% Rej 4.78x10? 45.10 5.63 2.23x10* 6.39x107? 2.09x107
50/70 + 50% RAP + 10% Rej 3.70x10? 37.96 5.19 2.41x10*" 7.33x10% 2.56x10?
50/70 + 50% RAP + 15% Rej 2.89x10? 32.18 4.80 2.60x10" 8.37x10% 3.12x10?
50/70 + 75% RAP 7.82x10? 61.73 6.56 1.92x10? 4.80x1072 1.36x10?
50/70 + 75% RAP + 5% Rej 5.24x10? 47.21 5.79 2.17x10* 5.95x107? 1.87x107
50/70 + 75% RAP + 10% Rej 3.58x10? 36.63 5.14 2.43x101 7.30x107? 2.53x107
50/70 + 75% RAP + 15% Rej 2.49%10? 28.74 4.59 2.71x10* 8.87x107? 3.38x10?

* - equivalent values for the rejuvenator obtained by minimizing the distance between experimental and
estimated results.



2.6 Analysis of complex shear modulus 99
0.65 0.61 400 100
&Q—Equality lines %Equality lines
\Q «
% 300 200
Z O}0 ~g z
-0.63 [€ 17 est PAR NS T —1stest. > 2 est—» -
8 5 % N g
< ‘\ o &200 \‘j:‘\l 300m
AN
*R2 = 0.975 - *R2 = 0.968 \Qi*
**R2 = **kR2 =
0.61 R”=02980" N g5 100 R® = 098I\ 49
0.61 0.63 0.65 100 200 300 400
a) horiginal (_) b) Boriginal (_)
1091 109 103 103
Q\—Equallty lines %Equality lines ,
@ 102 @ 10
©w 5 7 10 4 N ey | 10T
= 10°8 {[4— 1%t est. :dest—p{ 108, ¢ [€ 1 FEE 2" est. o
R l g & 100 100 2
o™ ; ©
) \\ 101 10t
*R2 = 0.992 AN *R2 =0,983
10-7 **kR2 = 0976\ 10—7 10.2 **R2/=0.988 10.2
107 108 10-9 102 10t 109 10! 102 103
C) Toriginal (S) d) ar original (')

data.

are input data.

*R2 was calculated for equality line without taking into consideration the results of pure
fresh 50/70 binder, RAP binder and RAP + Rej blends (5 values/parameter) that are input

**R? was calculated for equality line without taking into consideration the results of pure
fresh 50/70 binder, RAP binder and equivalent Rej properties (3 values/parameter) that
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Figure 2.20. Plots of estimated vs. experimental values: (a) parameter h; (b)
parameter B ; (c) parameter 7 ; (d) temperature shift factors ar .

All estimated values reported in Table 2.11, Table 2.12 and Table 2.13 were
used to estimate the prediction of LVE behaviour by re-implementing in the 2S2P1D
model resulting master curves of norm and phase angle of complex shear modulus
and Black curves which were compared with those built using the experimental data.
As an example, Figure 2.21 shows the curves for the blend 50/70 + 75% RAP + 5%
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Rej and as it could be observed master curves and Black curves are significantly close
to the experimental ones. Similar plots are reported in Appendix 1 for all binders
(Figures A1.23 - A1.36).

For all the blends it was observed that the estimated LVE behaviour is
satisfactory close to the 2S2P1D curves based on the experimental data. The results
show that these two approaches used to estimate 2S2P1D parameters and
temperature shift factors, can be considered valid for the tested binders.

As an example, for the blend 50/70 + 75% RAP + 5% Rej, the errors between

the measured norm of complex shear modulus ‘G*‘ and phase angle ¢ and the

calculated ‘G*‘ and ¢ from the 2S2P1D parameters original direct determination and

estimated values are shown in Figure 2.22. The errors were calculated for all binder
blends for the results obtained at temperatures from 55°C to 85°C as temperatures
for which the measurements were performed at a constant 5% shear stain amplitude
over the whole frequency range of 0.1 to 10 Hz.

Acceptable errors, in accordance with the findings of Mangiafico et al. (2019)
[181], were generally observed over the whole range of frequencies and temperatures
for each binder blend.
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Figure 2.21. Comparison between test results, curves built using experimental and
estimated 2S2P1D parameters for the 50/70 + 75% RAP + 5% Rej blend: (a) master

curves of norm and phase angle of complex shear modulus (Tref = 55°C); (b) Black
curve.
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2.7 Analysis of steady shear viscosity

2.7.1 Determination of steady shear viscosity at Tresr = 85°C

Complex viscosity 77* of a binder is defined as its complex shear modulus G

divided by the angular frequency w multiplied by the imaginary unit J (i2 = —1) :

b3

* G
=— 2.13
=50 ( )
Steady shear viscosity (770) can be obtained at a given temperature from the
norm of complex viscosity (‘n*‘) at this temperature when angular frequency (w)

tends towards zero, as shown in equation 2.14.

-Ulong, w0, ng(T)= lim In"(T,0) (2.14)
n o o b
In a logarithmic form equation 2.15 can be written, as follows:
/og‘G*‘ = /oga)+/og‘77*‘ (2.15)

where ‘G*‘ is the norm of complex shear modulus (in MPa), w is the angular

frequency (in rad/s) and ‘n*‘ is the norm of complex viscosity (in MPa-s).

Steady shear viscosity 75 can be calculated from DSR complex modulus tests

by applying the time-temperature superposition principle, as the norm of complex
viscosity at very low frequencies, in the domain of Newtonian behaviour of binders.

In order to determine the steady shear viscosity, for all tested binders, G*‘

was plotted as a function of w in a log-log scale, at a reference temperature of 85°C.
The high temperature/low frequency part of the curve corresponding to the isotherm
obtained at 85°C, for which ar shift factors are equal to 1.0 was analysed in order to

highlight the Newtonian behaviour of the binders in this loading domain. A linear
regression was performed on this part of the curve (with an imposed 45° slope line),
in order to determine 7 .

As an example, Figure 2.23 shows how 73 values were obtained for fresh
binder, RAP binder and their blends. Similar plots were built for each tested binder
and reported in Figures A1.37 - A1.53 of the Appendix 1. The obtained 7y values at
85°C for all binders are shown in Table 2.14.

As it could be observed in Figure 2.24, 1y values at 85°C increase with the

increase of RAP binder content in the blends. Linear regressions in logarithmic scale
could be performed on the obtained 7y values with good approximation. For the

blends produced with 15% of rejuvenator by mass of the RAP binder, the R? value
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of 0.231 is not meaningful since the 7y (85°C) values of all these blends remain

approximately constant for all RAP binder contents. Moreover, 7y values decrease

with the increase of rejuvenator content in the blends. However, these results were
expected taking into consideration the results obtained for the complex shear modulus
and for the conventional parameters of same blends.
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log(|G*|) = log(w)

Figure 2.23. Steady shear viscosity (779) at 85°C of 50/70 fresh and RAP binders and
their blends.
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Table 2.14. Experimental results of steady shear viscosity at T,of = 85°C.

Binders o (85 C)
(Pa-s)
50/70 1.32x101
RAP 3.39x102
RAP + 5% Rej 9.36x10!
RAP + 10% Rej 2.90x10!
RAP + 15% Rej 1.27x101
50/70 + 25% RAP 2.31x10!
50/70 + 25% RAP + 5% Rej 2.16x10!
50/70 + 25% RAP + 10% Rej 1.36x101
50/70 + 25% RAP + 15% Rej 1.14x101
50/70 + 50% RAP 4,17x10!
50/70 + 50% RAP + 5% Rej 2.32x10!
50/70 + 50% RAP + 10% Rej 1.47x101
50/70 + 50% RAP + 15% Rej 1.21x10?
50/70 + 75% RAP 8.05x10!
50/70 + 75% RAP + 5% Rej 4,01x10!
50/70 + 75% RAP + 10% Rej 2.13x10!
50/70 + 75% RAP + 15% Rej 1.44x101
7x102
D
0
&
Y 7x101
N
(o]
©
IS
7% 100 Rlej contellwt increalse .
0 20 40 60 80 100
RAP bitumen content (%)
% 50/70 o 50/70 + 50% RAP + 5% Rej _
SRAP ~ 30/70 + 30% RAP + 159% Re]
ORAP + 5% Rej O 50/70 + 75% RAP
ORAP + 10% Rej O 50/70 + 75% RAP + 5% Rej
® RAP + 15% Rej B 50/70 + 75% RAP + 10% Rej
450/70 + 25% RAP m  50/70 + 75% RAP + 15% Rej
450/70 + 25% RAP + 5% Rej  _— _ _.Regression blends with 0% Rej
450/70 + 25% RAP + 10% Rej ---.-.. Regression blends with 5% Rej
450/70 + 25% RAP + 15% Rej ----- Regression blends with 10% Rej
©50/70 + 50% RAP Regression blends with 15% Rej

Figure 2.24. Steady shear viscosity 779(85°C) for all binders, as a function of RAP
binder content.
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2.7.2 Determination of steady shear viscosity at different
temperatures

In order to calculate 7y values for all binders at different temperatures
equation 2.16 was used. In this equation, the value of the steady shear viscosity at a
temperature T, g (T) is calculated from the values of the steady shear viscosity at

the reference temperature of 85°C, 7 (T, = 85°C), multiplied by the temperature

shift factor at temperature T, ar. Values of temperature shift factors at a reference

temperature of 85°C were calculated from WLF (equation 1.20 from Section 1.5.2).
Results are reported in Table 2.15.

1m0 (T) = ar - 10 (Trer) (2.16)

The results obtained by applying equation 2.16 are reported in Table 2.16 and
in Figure 2.25.

As expected, values of 7 (T) decrease with the increase of temperature. Also,

10 (T) increase with increasing RAP binder content in the blends and decrease with

the increase of Rej content within blends. Linear regressions in logarithmic scale as a
function of RAP binder content were performed with rather good approximation for all
binders, at all considered temperatures.

As it could be observed in Figure 2.25a and 2.25b and Table 2.16, the values

of 770(T) at low temperatures (25°C and 35°C) of the blends containing 10% Rej

independently of the RAP binder content are close to the results obtained for the base
fresh binder. This observation is not valid at higher temperatures for which ’70(T)

increases with the increasing RAP bitumen content.
For simplicity in the following sections values of 770(T) determined for all

blends from experimental tests as described so far are referred to as ‘experimental’.
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Figure 2.25. Results of steady shear viscosity at different temperatures for all binders
as a function of RAP binder content: (a) T=25°C; (b) T=35°C; (c) T=45°C; (d)
T=55°C; (e) T=65°C; (f) T=75°C.
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Table 2.15. ar shift factors values at a reference temperature of 85°C calculated from WLF for all tested binders.

ar (=) at Tof =85°C

Binders
85°C 75°C 65°C 55°C 45°C 35°C 25°C
50/70 1 2.87x100 9.65x100° 3.95x10! 2.08%x102 1.51x103 1.67x10%
RAP 1 4,14%x10° 2.05x101 1.26x102 9.96x102 1.09%x10% 1.77%x105
RAP + 5% Rej 1 3.33x10° 1.30x10? 6.17x10! 3.72%x102 3.02x103 3.59x10%
RAP + 10% Rej 1 2.70x100 8.40x100° 3.09x10! 1.41x102 8.33x102 6.97x103
RAP + 15% Rej 1 2.35%x100 6.24x100° 1.94x101 7.30x10! 3.52x102 2.35x103
50/70 + 25% RAP 1 3.14x100 1.16x101 5.28x10! 3.08x102 2.47x103 3.01x10%
50/70 + 25% RAP + 5% Rej 1 2.96x100 1.03x10? 4.38x101 2.39x102 1.81x103 2.10x10%
50/70 + 25% RAP + 10% Rej 1 2.90%x10° 9.83x100° 4,07x101 2.16x102 1.58x103 1.76x10%
50/70 + 25% RAP + 15% Rej 1 2.84x100 9.45x100° 3.82x10! 1.97x102 1.40%x103 1.50x10%
50/70 + 50% RAP 1 3.37%x100 1.34x101 6.54x10! 4,09x102 3.51x103 4,51x10%
50/70 + 50% RAP + 5% Rej 1 3.01x100 1.06x10? 4,55%x101 2.48x102 1.84%x103 2.04x104
50/70 + 50% RAP + 10% Rej 1 2.82x100 9.28x100° 3.70x10! 1.88x102 1.31x103 1.37x10%
50/70 + 50% RAP + 15% Rej 1 2.72x100 8.62x100° 3.29x10! 1.59x102 1.05x103 1.03x10%
50/70 + 75% RAP 1 3.57x100 1.51x10? 7.87x10! 5.28x102 4.86x103 6.69x10%
50/70 + 75% RAP + 5% Rej 1 3.17x100° 1.18x10? 5.32x101 3.04x102 2.35x103 2.66x10%
50/70 + 75% RAP + 10% Rej 1 2.64x100 8.02x1009 2.88x10! 1.28x102 7.50%x102 6.22x103
50/70 + 75% RAP + 15% Rej 1 2.53x100 7.31x100° 2.51x10! 1.06x102 5.93x102 4,74x103
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Table 2.16. Experimental results of steady shear viscosity, 7 (T) , at different temperatures for all tested binders.

n0(T), (Pa-s)

Binders
75°C 65°C 55°C 45°C 35°C 25°C
50/70 3.79x10! 1.27x102 5.22x102 2.74x103 1.99x10% 2.21x10°
RAP 1.41x103 6.96x103 4.26x10% 3.38x10° 3.69x10°% 6.01x107
RAP + 5% Rej 3.12x102 1.22x103 5.78x103 3.48x104 2.83x10° 3.36x106
RAP + 10% Rej 7.84x10! 2.44x102 8.97x102 4.08x103 2.42x10% 2.02x10°
RAP + 15% Rej 2.99x101 7.96x10! 2.47x102 9.30%x102 4,49x103 3.02x10%
50/70 + 25% RAP 7.27%x10! 2.69x102 1.22x103 7.11x103 5.71x104 6.95x10°
50/70 + 25% RAP + 5% Rej 6.39x10! 2.22x102 9.45x102 5.17x103 3.91x10% 4,54x10°
50/70 + 25% RAP + 10% Rej  3.93x10! 1.34%x102 5.52x102 2.93x103 2.14x10% 2.39%x10°
50/70 + 25% RAP + 15% Rej  3.24x10! 1.08x102 4,35x102 2.25%x103 1.59x10% 1.71x10°
50/70 + 50% RAP 1.40%x102 5.59x102 2.72x103 1.71x10% 1.46x10° 1.88x106
50/70 + 50% RAP + 5% Rej 7.00x10! 2.47x102 1.06x103 5.76x103 4,28%x10% 4,74x10°
50/70 + 50% RAP + 10% Rej 4.15x10! 1.37x102 5.46%102 2.77%x103 1.93x10% 2.03x10°
50/70 + 50% RAP + 15% Rej  3.31x10! 1.05%x102 4.00%x102 1.94x103 1.27x10% 1.25x10°
50/70 + 75% RAP 2.88x%x102 1.22x103 6.34x103 4,25x10% 3.91x10° 5.39x10°
50/70 + 75% RAP + 5% Rej 1.27x102 4.74%x102 2.13x103 1.22x10% 9.42x10% 1.07x10°
50/70 + 75% RAP + 10% Rej  5.63x10! 1.71x102 6.15x102 2.74%x103 1.60x10 1.67%x10°
50/70 + 75% RAP + 15% Rej  3.64x10! 1.05x102 3.61x102 1.53x103 8.54x103 6.82x10%
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2.7.3 Estimation of steady shear viscosity

The two estimation approaches were applied in order to determine the
estimated values of 7 (T) at different temperatures (from 25°C to 85°C) of all binder
blends. The obtained results were then compared with the experimental values.

As previously described, the 15t estimation approach considers the classical
blending rule expressed in equation 2.6 in logarithmic form, which supposes that

1m0 (T) values for fresh binder, RAP binder and blends of RAP + Rej at the three

different dosages used in the study are used as input values. For this approach,
10 (T) values for RAP + Rej blends must be known from experimental tests, which is
a drawback as these blends should be tested for each of the three considered Rej
contents of 5%, 10% and 15%.

As described in Section 2.4.2, the 2"¥ estimation approach consists in the
three-way blending rule expressed in equation 2.10 in logarithmic form, which

requires as input data only the values of 770(T) for the three base materials used in

this study.
The estimated values of steady shear viscosity at a given temperature for any

of the 15 blends (770 (T) ) were calculated from the experimental results of

est.2 blend

fresh binder (770 (T)(50/70)j , RAP binder [770 (T)(RAP)) and from equivalent values of

the rejuvenator (770 (T)(Rej)) .

In order to obtain the equivalent values for the rejuvenator of (UO(T)(Rej))

at a given temperature, it was necessary to minimize the distance between
experimental and estimated values of all 15 blends. It should be mentioned that these

equivalent 7 (T)(Rej) values were used only for this second estimation approach,

which is valid only for rather small Rej content (up to 15%). It should be pointed that
his equivalent viscosity is not equal to the viscosity of the rejuvenator used for this
study.

In Figure 2.26, the experimental results of 7y at different temperatures for

RAP + Rej blends are plotted as a function of the rejuvenator content, together with

the equivalent values of UO(T)(Rej) determined for the rejuvenator. Linear
regressions could be performed with excellent approximation at all considered
temperatures. It was observed that all the regression lines can be obtained with the

same RZ? its influence was only on the 4t decimal when considering that all lines
intersect a unique point: 35% Rej content and 0.038 Pa-:s. Figure 2.26 gives an
overview of these results.
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These results led to the idea of a ‘temperature-independent constant content-
viscosity couple’ for the rejuvenator which is expressed in equations 2.17.

log 0.038 = 0.65/og 119 (T)( ) +0.35/0g g (T)( (2.17)

RAP Rej)

could be directly deduced from the following

The values of 770(T)(Rej)
equation:
10g0.038 0.65
2970 (T rej) = —0.35  ~0.35/°90 (T)rar) (2.18)

The values of 775 (T)(Rej) determined with equation 2.18 are reported in Table

2.17. Plots of the estimated results obtained from the 1st approach and the 2nd
approach versus the experimental results are and shown in Figure 2.27. Estimated

results of 7 (T) for all blends are reported in Table 2.18 and Table 2.19.

Table 2.17. Equivalent values of 7y (T)(

Rej) determined for the rejuvenator.
Temperature (°C) o (T)(Rej)
(Pa-s)
25°C 3.13x10°1°
35°C 5.57x1017
45°C 4,72%x10°15
55°C 2.21x10°13
65°C 6.40%x10°12
75°C 1.25%10-10
85°C 1.75%x1070°
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Figure 2.26. Experimental results of 7 (T) for RAP + Rej blends, equivalent values

for rejuvenator 7 (T)(Rej) , plotted as a function of Rej content in the blends, at all

considered temperatures.
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Figure 2.27. Plots of estimated vs. experimental results of steady shear viscosity for
all binder blends: (a) T=25°C; (b) T=35°C; (c) T=45°C; (d) T=55°C; (e) T=65°C; (f)

T=75°C; (g) T=85°C.
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The coefficient of determination R? was calculated for each plot with respect
to the equality line.

In order to calculate R? for the 1t estimation approach, steady shear
viscosity values were not taken into account for the base constituents: fresh 50/70
binder, RAP binder and the three RAP + Rej blends, for a total of five binders.

Regarding the 2" approach, R? was calculated without considering the steady shear
viscosity values of the base constituents: fresh 50/70 binder, RAP binder and the
‘temperature-independent constant content-viscosity couple’ for the rejuvenator.
These values are not considered because they correspond to input data, which are
perfectly estimated.

As it could be observed in Figure 2.27, the estimated results 79 (7)ot 1 pjendg

o (T)est 2 blend ! of all binder blends are close to the corresponding experimental

results. It can be noted that with the decrease of temperature from 85°C to 25°C R2

values decrease but they are still satisfactory leading to R? values always higher than
0.960.

R? values obtained in the case of the 2" estimation approach are always
higher than 0.969, too and greater than the values obtained with the first approach.
Considering the fair correlation with experimental points and the reduced number of
input data necessary, the 2nd estimation approach can be considered more accurate
than the first approach.

As a general comment, with the 2"¢ estimation approach a total of 105 g
values were estimated, at seven different temperatures for 15 blends, using as input
data the experimental results of 7y obtained at a reference temperature of 85°C,
M (Tref = 85°C) , for fresh and RAP binders and the ‘temperature-independent
constant couple’ for the rejuvenator.

Regarding the 15t estimation approach a total of 84 75 values were estimated,
at seven different temperatures for 12 blends, using as input data the experimental
results of 77y obtained at a reference temperature of 85°C, 779 (T,er = 85°C), for fresh
and RAP binders and the blends of RAP and rejuvenator.

Global correlation plots between all these estimated values obtained by

applying both estimation approaches and the experimental values are shown in Figure
2.28a (15t estimation approach, 12 blends) and Figure 2.28b (2" estimation approach,

15 blends). A satisfactory global R? was found (0.977) for the estimations obtained
with the 2" estimation approach.
Slightly better correspondence was found between estimated 7y values

obtained with the 2" estimation approach, which is an original input of this work, and

experimental values. Thus, the R? values are always higher than those found with
the 1st estimation approach, which is based on the classical log-log rule.
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Figure 2.28. Global correlation plot of estimated vs. experimental results of I]O(T) at
temperatures from 85°C to 25°C for all binders: (a) 15t estimation approach; (b) 2nd

estimation approach.
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Table 2.18. Estimated values of steady shear viscosity at different temperatures from the 1st estimation approach for the 12
binder blends considered in this approach.

1st estimation

Blends 1o - Steady shear viscosity (Pa-s)
T=25°C T=35°C T=45°C T=55°C T=65°C T=75°C T=85°C
50/70 + 25% RAP 6.01x10°> 5.06x10% 6.48x103 1.15x103 2.60x102 7.23x10! 2.36x101

50/70 + 25% RAP + 5% Rej 3.66x10°> 3.26x10* 4.40x10° 8.16x10%2 1.94x102 5.60x10' 1.90x10!
50/70 + 25% RAP + 10% Rej 2.17x10°> 2.07x10*% 2.96x10° 5.79x10%2 1.44x10% 4.36x10' 1.54x10!
50/70 + 25% RAP + 15% Rej 1.48x10° 1.48x10% 2.21x103 4.49x102 1.16x10%? 3.61x10! 1.31x10!
50/70 + 50% RAP 1.63x10% 1.28x10°> 1.53x10% 2.51x103 5.32x10%? 1.38x10%2 4.21x10!
50/70 + 50% RAP + 5% Rej 6.02x10°% 5.29x10* 6.99x103 1.27x10° 2.93x102 8.23x10! 2.72x10!
50/70 + 50% RAP + 10% Rej 2.13x10°> 2.14x10% 3.19x103 6.41x10%2 1.63x10%2 4.99x10! 1.78x10!
50/70 + 50% RAP + 15% Rej 1.01x10> 1.11x10% 1.80x103 3.90x102 1.06x10%2 3.46x10! 1.30x10!
50/70 + 75% RAP 4.45x10% 3.27x10°> 3.62x10% 5.52x103 1.09x103 2.63x10%2 7.52x10?!
50/70 + 75% RAP + 5% Rej 9.80x10° 8.51x10* 1.10x10% 1.95x10° 4.39x102 1.20x10%? 3.86x10!
50/70 + 75% RAP + 10% Rej 2.10x10> 2.22x10% 3.42x103 7.06x10%2 1.83x10%? 5.69x10! 2.05x10!
50/70 + 75% RAP + 15% Rej 7.07x10% 8.15x103 1.48x103 3.41x10%2 9.74x10' 3.31x10' 1.29x10!
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Table 2.19. Estimated values of steady shear viscosity at different temperatures from 2@ estimation approach for the 15
binder blends considered in this approach.

2nd estimation

Blends 1o — Steady shear viscosity (Pa-s)

T = 25°C T = 35°C T=45°C T=55°C T=65°C T=75°C T=85°C
RAP + 5% Rej 3.37x106 3.03x10° 3.84x10% 6.41x103 1.34x103 3.36x10% 9.85x10!
RAP + 10% Rej 2.45x10° 3.11x10% 5.30x10% 1.14x103 2.99x10%2 9.15x10! 3.20x10?!
RAP + 15% Rej 2.25x10% 3.90x103 8.71x10%2 2.37x10% 7.62x10' 2.79x10! 1.14x10!?
50/70 + 25% RAP 6.01x10% 5.06x10% 6.48x103 1.15x103 2.60x10%2 7.23x10! 2.36x10!?
50/70 + 25% RAP + 5% Rej 3.67x10° 3.31x10% 4.49x103 8.33x10%2 1.98x10%2 5.69x10' 1.92x10!
50/70 + 25% RAP + 10% Rej 2.24x10° 2.16x10% 3.11x103 6.06x10%2 1.50x10%2 4.48x10! 1.56x10!
50/70 + 25% RAP + 15% Rej 1.40x10° 1.43x10% 2.18x103 4.46x10%2 1.15x102 3.56x10' 1.28x10!?
50/70 + 50% RAP 1.63x106 1.28x10° 1.53x10% 2.51x103 5.32x10%2 1.38x10%2 4.21x10!
50/70 + 50% RAP + 5% Rej 6.04x10% 5.43x10% 7.26x103 1.32x103 3.03x10%2 8.48x10! 2.77x10!
50/70 + 50% RAP + 10% Rej 2.29%x10° 2.35x10% 3.52x103 7.02x10%2 1.76x102 5.29x10! 1.85x10!
50/70 + 50% RAP + 15% Rej 9.07x10% 1.06x10% 1.76x103 3.84x102 1.04x10%2 3.37x10! 1.25x10!
50/70 + 75% RAP 4.45%x106 3.27x10° 3.62x10% 5.52x103 1.09x103 2.63x10%2 7.52x10!
50/70 + 75% RAP + 5% Rej 9.81x10° 8.83x10% 1.16x10% 2.06x10° 4.62x10%2 1.25x102 3.97x10?!
50/70 + 75% RAP + 10% Rej 2.35x10° 2.56x10% 3.97x103 8.11x10%2 2.06x10%2 6.21x10! 2.17x10!

5.98x10% 7.84%x103 1.42x10% 3.33x102 9.49x10! 3.18x10! 1.22x10?!

50/70 + 75% RAP + 15% Rej
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2.8 Estimation of complex shear modulus

The steps followed to estimate the complex shear modulus of all binder blends
for each of the two considered estimation methods are described in Figure 2.29.

4 Input
|G*(TF) hessureq fOF the two base
binders (fresh 50/70 and RAP
binders) and RAP+Rej blends:

- RAP+5%Rej N Input
A Step 1 input
- RAP+10%Rej Eetimate |Q=(TF)I f I6=(TA , for the two
- RAP+15%Rej stimate |G*(T,f)| for M messure _
and a.. shift factors any blend base binders (fresh 50/70 and
T ' RAR binders) and a; shift factors.
v Y

"[ 15 estimation method J [ 24 estimation method J‘

Input
Equivalent values used for the
rejuvenator - |G¥(f)| aquiv.

independent of temperature.
M g

. J k4

Output Output
Estimated results of Estimated results of
|G*=(T,f)| for 12 blends |G*(TF)| .. - for 15 blends
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v
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Calibrate 252P1D model on

IG*(TH)] oo @nd IG=(TA ooy n Output

master curves Calculated results

of ®(Tf) zcopipy
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Y

Step 3
Caleulate @(Tf) 50, from

G

252P1D.1 or 252P1D.2

Output
Calculated results

of ®(TH) z3c2p1p.2
for 15 blends

Figure 2.29. Different steps to estimate the complex shear modulus of all binder
blends for each of the two considered estimation methods.

It must be mentioned that a part of this analysis was presented by the author
in a conference paper Forton et al., 2020 [182].
In Section 2.7.1, steady shear viscosity (equation 2.14) was defined as a ratio

between the norm of complex shear modulus (‘G*‘) and the angular frequency (w) .

It was shown in Section 2.7.2 that values of steady shear viscosity of a blend can be
successfully estimated by using a logarithmic rule from experimentally determined
values of the base constituents. Both estimation approaches are based on the same
hypothesis, shown in equation 2.19, which supposes that the steady shear viscosity
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of a blend (770 blend AB) can be estimated as a function of the steady shear viscosity
of base constituents (770 Ao B), known from experimental results, and their

concentrations (a, b) .

log 1o plend aB =a@-10g1g a4 +b-logmng g (2.19)

Considering equation 2.14, the equation 2.19 can be written as:

*

* *

‘G
/ogW:aJogTA+b~/OQTB witha+b=1 (2.20)

‘G

‘G

Therefore, values of the norm of complex shear modulus of the produced
binder blends can be estimated from the values of base constituents by using the two
approaches (1st estimation expressed in equation 2.21, respectively, 2" estimation
expressed in equation 2.22):
log|G" (7, ) ~a-1og|G"(T,F)_ _+(L-a)-log|G"(T,f) (2.21)

blend est.1 50/70 RAP+Rej

log|G™ (T, ) - a-log|G™ (T, ) +b-log|G™(T,F) -+

blend est.2 52/70 RAP (2.22)
+b-r-log‘G (T,f)‘
Re
where:
- ‘G* (T/f)‘ ,G* (T,f)‘ and ‘G* (T,f)‘ are the values of the norm
50/70 RAP RAP+Rej

of complex shear modulus at the same temperature, T and frequency, f
obtained respectively for the fresh 50/70 binder, the RAP binder and the blend
of RAP binder and rejuvenator;
- ‘G* (T,f)‘R ~ are the equivalent values of the norm of complex shear modulus
€]
obtained for the rejuvenator;

- ‘G*(T,f)‘ and ‘G* (T,f)‘ are the estimated values of the

blend est.1 blend est.?2

norm of complex shear modulus (at the same temperature T and frequency f )
for any of the analysed blends according to the proposed approach 1st or 2nd
estimation;

— aand b are the relative mass concentrations of the base binders fresh binder

and RAP binder and r is the percentage of the rejuvenator by the mass of RAP
binder.
As shown in Section 2.7.2 a ‘temperature-independent constant content-
viscosity couple’ for the rejuvenator was considered (35% Rej; 0.038 MPa).
Starting from this principle, in Figure 2.30 a similar analysis as in case of the
steady shear viscosity was performed (for three test frequency: 0.1 Hz, 1.29 Hz and

10 Hz, the measurements of ‘G*‘ at different temperatures for RAP + Rej blends are
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plotted as a function of the rejuvenator content). Similar plots are shown in Appendix
1 for the other frequencies in Figure A1.54. A similar remark can be made as in the

case of 7 (T)( : satisfactory R? values were obtained when considering that all

Rej)

lines intersect a unique point: 35% Rej content and ‘G* (f)‘ o
equiv.

10t 100
& f=0.1Hz| Ra_ 999 f=1.29Hz| R2=0.999
103 ~ Q0 R2 = 0.998 10-2%. R2 = 0,999
P % ,,,,,, R2 = 0.998 R? = 0.999

S3SR?=10.9% = 0.997
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Figure 2.30. Norm of complex shear modulus measurements for the RAP + Rej blends

at 0.1 Hz, 1.29 Hz and 10 Hz frequencies and ‘G* (f)‘ ~values which are only
equiv.

dependent on frequency obtained by linear extrapolation for a value of 35% content

Rej: (a) f=0.1 Hz; (b) f=1.29 Hz; (c) f=10.0 Hz.

These results led to the idea of a ‘G* (f)‘ ~ temperature independent
equiv.
constant, dependent only on frequency, for the rejuvenator which is expressed in
equation 2.23.

log‘G* (f)‘ % Rej 0.65
log‘G* (T,f)‘ - 35%Rej _ 9. /og‘G* (T,f)‘ (2.23)
Rej 0.35 0.35 RAP
‘G* (f)‘ ~values which are dependent only on frequency obtained by linear
equiv.

extrapolation for a value of 35% rejuvenator content are represented as a function of
the angular frequency in Figure 2.31a. Then, steady shear viscosity was determined
for the rejuvenator equivalent values in Figure 2.31b, where it could be observed that
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the equivalent values obtained are asymptotical to the temperature-independent
constant content-viscosity couple when the angular frequency tends to 0.

10 2x107
|G*| = 5.782 x 1078 x 1233 No rej - @Symptote to the
R%= 0.999 'temperature-independent
~ 103 — @ constant content-viscosity
& |G™(f) lequiv. temperature © couple' for the rejuvenator,
< ¢ |independent constant for % when w—0
— 10°® |the rejuvenator £ 107
* o
© =
107 - Mo 35 rej = 3:8-10° MPa-s
10 e 0
0.1 1 10 100 0.1 1 10 100
a)  (rad/s) b)  (rad/s)
Figure 2.31. (a) ‘G (f)‘ values which are only dependent on frequency obtained

equiv.
by linear extrapolation for a value of 35% rejuvenator content; (b) steady shear
viscosity determination for the rejuvenator equivalent values - asymptotical to the
‘temperature-independent constant content-viscosity couple’ when the angular
frequency tends to 0.

Correlation plots of estimated vs. experimental values of ‘G* (T,f)‘ for each

binder blend were built in order to highlight the validity of the proposed estimation
approaches. As an example, Figure 2.32 shows the correlation plots for the blend
50/70 + 50% RAP + 10% Rej. Similar plots are reported in Appendix 1 for all binders
(Figures A1.55 - A1.66).

A global correlation plot of estimated vs. the measurements of ‘G* (T,f)‘ for

the blends of fresh and RAP binders and rejuvenator, with respect to each estimation
method (1%t estimation - 12 blends, 2"d estimation - 15 blends), is reported in Figure
2.33 by applying 15t and 2" estimation method.

Moreover, similar correlation plots were built for each frequency test in order
to highlight the imprecision of each considered estimation method. Figure 2.34 shows
three examples for the frequencies 0.1Hz, 1.29 Hz and 10 Hz. Similar plots are shown
for the other test frequencies in Figure A1.67 - A1.68 - Appendix 1.

The coefficient of determination R? for the two approaches were calculated
with respect to the equality line, where: for the 15t estimation method the results for
the base constituents as fresh 50/70 binder, RAP binder and the three RAP + Rej
blends, for a total of five binders and for the 2" estimation method the results for the
fresh 50/70 binder, RAP binder and the ‘frequency dependent constant’ for the
rejuvenator were not taken into account.

As it could be observed, the estimated values of ‘G*(T,f)‘ obtained by

applying both estimation methods are significantly close to the measured values for

all binder blends. A higher global value of R? , determined with respect to the equality

line, was found with the 1st estimation (0.987) than with the second one (0.968).
From the individual correlation plots for each binder blend (Figure 2.32 and

Figures A1.55 - A1.66 - Appendix 1) it was observed that a better estimation of
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‘G*(T,f)‘ was obtained with the 2" method for the blends produced with low

rejuvenator content and RAP binder content. For the blends produced with 75% RAP
binder and different amounts of rejuvenator and the blends produced only with RAP
binder and rejuvenator, a better estimation was obtained with the first method.

100 — 106
D — —
—~ < Equality lines ~ *R? and **R? were calculated for
© © . .
c ¥, o the equality lines.
< 1072 10 >~ ® |G*(T,f)|est.1
8 <— 1%t est. 2nd est. —p| 8 ¢ 1GH(TMlest.2
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£ 10+ l 102 — ——- Line of equality - 2nd est.
O o o
= o o
= *¥*R2 = 0.998
Los LR = 0.986 J 100
106 104 0-2 100

- 10-
| G*(T,f) | measured (Mpa)

Figure 2.32. Correlation plot of estimated vs. measured ‘G* (T,f)‘ values for the

binder blend 50/70 + 50% RAP + 10% Rej.
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Figure 2.33. Global correlation plots of estimated vs. measured ‘G* (T,f)‘ values for
all considered binder blends.

Moreover, in Figure 2.34 and Figures A1.67 — A1.68 - Appendix 1 it could be
observed that for frequencies lower than 1.0 Hz a better correlation was obtained with
the 2" estimation method. On the contrary, for frequencies higher that 1.0 Hz a better

correlation was obtained with the 15t estimation method. On the other side, R? values
are increasing from 0.954 to 0.986, with the increase of frequency for the 1st

estimation. A reverse tendency was observed for the second estimation, where R?
values are decreasing from 0.981 to 0.966 with the increase of frequency.
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Figure 2.34. Global correlation plots of estimated vs. measured ‘G* (T,f)‘ values for

all considered binder blends at different frequencies: (a) f=0.1 Hz; (b) f=1.29 Hz; (c)
f=10.0 Hz.

In order to highlight the accuracy of each estimation method the errors (%)

between

‘G* (T, f)‘

measured

and |G"(T,F) _or [67(T,
est.1

f)‘

were plotted in
est.2

Figure 2.35 as a function of the measured values for all considered binder blends.
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Figure 2.35. (a) Error between ‘G* (T,f)‘ and ‘G* (T,f)‘ as a function of
measured est.1
‘G* (T,f)‘ ; (b) Error between ‘G* (T,f)‘ and ‘G* (T,f)‘ as a
measured measured est.2

function of ‘G* (T,f)‘ .
measured

It could be observed that the maximum errors between ‘G* (T,f)‘

measured

and ‘G* (T,f)‘ ) is approximatively 28%. On the other side, the errors between
est.

‘G*(T,f)‘ and ‘G*(T,f)‘ , are higher than in the first estimation,

measured est.

approximatively -48%. In the second estimation method the higher errors were
obtained for the blend produced only with RAP and rejuvenator. However, the second
approach presents the advantage related to the required input data as it requires less
input data than the first approach.
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It must be mentioned that the estimation approaches used to obtain

‘G* (T,f)‘ values cannot be applied for the phase angle. Therefore, it was

est.1or2

proposed a new approach in order to obtain phase angle values of all binder blends
over the whole frequency and temperature domain, starting from the hypothesis that
all analysed binders are considered thermorheologically simple and they are in the
LVE domain. For this purpose, the 2S2P1D model (Section 1.5.3) was used.

The overall procedure used to determine gD(T,f) is shown in Figure 2.29. To

summarize: the 2S52P1D model was calibrated on the master curves of ‘G* (T,f)‘ )

est.

and ‘G*(T,f)‘ 5 and then the vales of phase angle were calculated from
est.

obtain the curves of the

order to master

*
G 252pP1D.10r 252P1D.2 - I

‘G*(T,f)‘ , the time-temperature superposition principle was applied to

est.1 or2
obtain temperature shift factors [122], [174], [178], [179]. Values of ar shift factors

and WLF constants for all considered binder blends depending on each estimation
method used, are reported in Table 2.20 and Table 2.21.

Table 2.20. ay temperature shift factors and WLF constants for all binder blends for
which 1st estimation is applied.

WLF
Binders ar () constants
65°C 75°C 85°C C1 Cc2
50/70 + 25% RAP 2.20x10%1 6.41%x107 2.11x107 8.91 129.26
50/70 + 25% RAP + 5% Rej 2.31x10%1 7.00x1072 2.40x102 8.47 126.61
50/70 + 25% RAP + 10% Rej 2.39x10%1 7.50x1072 2.61x102 8.17 125.13
50/70 + 25% RAP + 15% Rej 2.47x10%1 7.85x1072 2.87x102 7.94 123.64
50/70 + 50% RAP 2.13x10%1 5.54x102 1.71x107 9.69 134.31
50/70 + 50% RAP + 5% Rej 2.23%x10%1 6.25%x107 2.16x1072 9.03 130.00
50/70 + 50% RAP + 10% Rej 2.43%x10%1 7.33%x107 2.55%x107 8.22 125.41
50/70 + 50% RAP + 15% Rej 2.51x10%1 8.00x107 2.95%x107 7.68 120.07
50/70 + 75% RAP 2.00x10%1 4.90x107 1.43%x107 10.29 137.17
50/70 + 75% RAP + 5% Rej 2.21x10%1 6.20%x107 2.00x102 9.40 135.68
50/70 + 75% RAP + 10% Rej 2.52x10%1 7.58x1072 2.64x102 8.72 135.68
50/70 + 75% RAP + 15% Rej 2.58x10%1 8.30x107 3.20x102 8.42 135.71
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Table 2.21. ar temperature shift factors and WLF constants for all binder blends for
which 2nd estimation is applied.

ar (-) WLF constants
Binders
65°C 75°C 85°C C1 c2

RAP + 5% Rej 2.20x10" 6.10x102  1.85x107 | 9.82 139.95
RAP + 10% Rej 3.20x10" 1.08x10% 4.20x102 | 7.48 134.69
RAP + 15% Rej 3.00x10% 1.02x102 4.10x1072 | 7.40 130.06
50/70 + 25% RAP 2.20x10% 6.41x102  2.11x102 | 8.91 129.26
50/70 + 25% RAP + 5% Rej 2.29x10% 6.90x102  2.40x102 | 8.56 127.39

50/70 + 25% RAP + 10% Rej 2.38x10 7.60x102% 2.80x102 | 8.11 124.96
50/70 + 25% RAP + 15% Rej 2.48x10 8.10x102  3.10x102 | 7.72 121.38
50/70 + 50% RAP 2.13x10? 5.54x102 1.71x102 | 9.69 134.31
50/70 + 50% RAP + 5% Rej 2.26x101 6.50x102 2.33x102 | 7.94 113.83
50/70 + 50% RAP + 10% Rej 2.52x10* 8.10x102  2.95x102 | 7.17 111.20
50/70 + 50% RAP + 15% Rej 3.00x10 1.01x10t  3.90x102 | 7.10 126.99
50/70 + 75% RAP 2.00x10 4.90x102 1.43x102? | 10.29 137.17
50/70 + 75% RAP + 5% Rej 2.29x10* 6.60x102  2.30x102 | 9.17 132.80
50/70 + 75% RAP + 10% Rej 2.90x10* 8.78x102  3.40x102 | 8.54 130.20
50/70 + 75% RAP + 15% Rej 3.24x10 1.20x10*'  4.58x102 | 7.31 138.38

As example, master curves of ‘G* (T,f)‘ at a reference temperature
est.1or2

of 55°C and temperature shift factors vs. temperature and WLF curves of blends
produced with fresh binder and 50% RAP and different dosages of rejuvenator: 0%
and 15% Rej, are shown in Figure 2.36.

101 5 100
T = 55°C o

102 OV @
g
= 1073 -
= L 10
8104 J
o

105

10 10

103 102 10 100 10t >3 65 75 85

a) a; - frequency (Hz) b) Temperature (°C)

©50/70+50%RAP-est.1 50/70+50%RAP-WLF
¢ 50/70+50%RAP+15%Rej-est.1 ~  --------- 50/70+50%RAP+15%Rej-WLF
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Figure 2.36. Blends produced with fresh binder and 50% RAP and different dosages

(0% and 15% Rej) of rejuvenator: (a) master curves of ‘G*(T,f)‘ 1; (b)
est.

temperature shift factors and WLF curves for the 15t estimation; (c) master curves of

‘G* (T,f)‘ 2; (d) temperature shift factors and WLF curves for the 2"? estimation.
est.

The 2S2P1D model was fitted on the isotherms and master curves of

‘G* (T,f)‘ at T,or =55°C. The same approach as in Section 2.6.2 was used,
est.1 or2

considering constant values for Gpg, Gg, kK and 0 . Values of 252P1D parameters for

the considered binder blends following the estimated values of ‘G* (T,f)‘ L or2 are
est.1 or

reported in Table 2.22 and Table 2.23.
Therefore, equation 2.24 was used in order to calculate phase angle values

corresponding to the 252P1D model fitted on ‘G*(T,f)‘ values.
est.1or2

0 (wf)fk sin [%[) + (wr)fh sin (%r] + (a)Br)’l

1+0 (a)r)_l< cos (kgj + (wr)_h cos [%[j

= atan (2.24)

P(T,f)rs2p10

where:
— w is the pulsation;
— 1t is the characteristic time, a function of temperature and accounting for
time temperature superposition principle;
- O,k and h are dimensionless constants and S is a dimensionless
parameter related to Newtonian viscosity 7 .
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Table 2.22. 2S2P1D parameters for all binder blends considered in the 15t estimation.

Binders h() B(®) T (s)

50/70 + 25% RAP 0.626 166  7.58x107
50/70 + 25% RAP + 5% Rej 0.629 151  6.04x10°
50/70 + 25% RAP + 10% Rej o 0.633 136  4.90x10°
50/70 + 25% RAP + 15% Rej £ = 1 o 0.636 126  4.12x10°
50/70 + 50% RAP S 9 & O 0632 222 1.19x10°
50/70 + 50% RAP + 5% Rej  , & |, 0.630 171  7.90x10°
50/70 + 50% RAP + 10%Rej g I« , 0636 148  5.15x10°
50/70 + 50% RAP + 15% Rej O (§ 0.638 128  3.62x10°
50/70 + 75% RAP 0.620 296  2.03x10°
50/70 + 75% RAP + 5% Rej 0.626 202  1.05x10°
50/70 + 75% RAP + 10% Rej 0.634 161  5.30x10°
50/70 + 75% RAP + 15% Rej 0.640 130  3.30x10%

Table 2.23. 2S2P1D parameters for all binder blends considered in the 2"d estimation.

Binders h () B () 7 (s)

RAP + 5% Rej 0.614 354  1.89x10°%
RAP + 10% Rej 0.650 195  6.01x107°
RAP + 15% Rej 0.647 130  2.48x10°
50/70 + 25% RAP 0.626 166  7.58x10%°
50/70 + 25% RAP + 5% Rej = o 0.630 150  5.80x107°
50/70 + 25% RAP + 10% Rej & = 1 o 0633 135  4.77x10°
50/70 + 25% RAP + 15% Rej © @ o « 0.636 123 3.90x10°
50/70 + 50% RAP oL 0 o632 222 1.19x10°
50/70 + 50% RAP + 5% Rej G (g © 0626 175  7.91x107
50/70 + 50% RAP + 10% Rej 0.632 146  4.80x107°
50/70 + 50% RAP + 15% Rej 0.638 120  3.30x10°
50/70 + 75% RAP 0.620 296  2.03x10°%
50/70 + 75% RAP + 5% Rej 0.635 210  9.80x107°
50/70 + 75% RAP + 10% Rej 0.639 166  4.80x10°
50/70 + 75% RAP + 15% Rej 0.645 126  2.60x107?

Figure 2.37 shows an example of how (p(T,f) were obtained from the

optimization of 2S2P1D model on the ‘G* (T,f)‘ and ‘G* (T,f)‘ values and

est.1 est.2

the plots between the experimental vs. determined values of go(T,f) for the 50/70 +
50% RAP + 10% Rej blend. Similar plots are reported in Appendix 1 for all binders
(Figures A1.69 - A1.79).

A global plot of calculated vs. measured values of (p(T,f) for all considered
blends, according to the proposed methods of estimation i.e. 15t estimation - 12
blends, 2" estimation - 15 blends, is reported in Figure 2.38. R? values were
calculated for the two correlations with respect to the equality line. In order to

highlight the accuracy of each calculation the errors between qo(T,f)measured and

go(T,f)ZSZPlD 1or 252p1p.2 Were plotted in Figure 2.39 as a function of the measured

values for all considered binder blends.
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Figure 2.37. Determination of ¢(T,f) values for the 50/70 +

252P1D.1or 252P1D.2

50% RAP + 10% Rej blend: (a) isotherms of ‘G* (T, f)‘ ” and 2S2P1D optimization;
est.

(b) master curve of ‘G*(T,f)‘ 1 and 2S2P1D optimization; (c) isotherms of
est.

‘G* (T,f)\ and 2S2P1D optimization; (d) master curve of ‘G* (T'f)‘ ond

est.2
2S2P1D optimization; (e) plots of measured vs. calculated values of @(T,f).

est.2
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Figure 2.38. Global plot of measured vs. calculated values of qo(T,f) for all the blends
according to the proposed approaches (15t determination - 12 blends, 2™

determination - 15 blends).
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Moreover, similar plots to the global one (Figure 2.38) were built in order to
highlight the imprecision of each considered estimation method for each frequency
test. Figure 2.40 shows three examples for the frequencies 0.1Hz, 1.29 Hz and 10 Hz.
Similar plots are shown for the other test frequencies in Figures A1.80 - A1.81 -
Appendix 1.
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Figure 2.40. Global plots of calculated vs. measured (p(T,f) values for all considered
binder blends at different frequencies: (a) f=0.1 Hz; (b) f=1.29 Hz; (c) f=10.0 Hz.
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As it can be observed, the determined values of (p(T,f) obtained from the

252P1D model fitted on the estimated values of ‘G*(T,f) , are significantly close to

the measured values for all binder blends. A higher global value of R? was found with
the 2" approach (0.984) than with the first one (0.974).

From the individual correlation plots for each binder blend (Figure 2.43 and
Figures A1.89 — A1.99 - Appendix 1) it was observed that a better approximation was

obtained for the (p(T,f)ZSZPlD 2 for all the binder blends with the exception for two
blends: 50/70 + 25% RAP + 10% Rej and 50/70 + 50% RAP + 15% Rej. However,

the difference between R? values obtained for these blends is not significant.
Moreover, for the blends produced without rejuvenator it could be observed
that with the increase of the RAP binder content the accuracy of the estimation is
decreasing (R? values are decreasing). The maximum errors between
('D(T’f)measured and (’D(T’f)ZSZPlD.l or (p(T'f)ZSZPlD.z is approximatively 2.5°.
From Figure 2.40 and Figures A1.80 - A1.81 - Appendix 1 it could be observed
that for all frequencies a better correlation with the measurements was obtained for

the @(T,f)50p1p.2-

Due to the satisfactory values of R? that were found, this approach can be
considered valid for the tested blends. However, a better correlation with the
experimental measurements was found for the phase angle values calculated from

the 2S2P1D fitted on the ‘G* (T,f)‘ values.
est.2

2.9 Analysis of BBR test results

BBR tests were performed on all binder blends in order to determine the
flexural creep stiffness, S(t), and the m-value, m(t) by using equations 2.3 and 2.4
presented in Section 2.3.3.

As it could be observed in Table 2.5 all binders were tested at the temperature

of -15°C. As an example, in order to highlight the influence of the RAP binder and
rejuvenator contents on the behaviour by means of stiffness and m-values, all tested

binders at -15°C, values of S(t) and m(t) obtained at the loading time of 60s were
plotted as a function of the RAP binder content in Figures 2.42a - 2.42b. In Figure
2.41c values of S(60s) were plotted as a function of m(60s).

As it can be observed, values of flexural creep stiffness 5(605) increase with

the increase of RAP binder content and decrease with the increase of rejuvenator
content within blends. On the other side, the increase of RAP binder and rejuvenator
contents leads to the opposite tendencies of m(605) values. The effect of the
rejuvenator proves to counterbalance this tendency, as it could be observed from the
change of slope of regressions in Figure 2.41 for different rejuvenator contents.
Moreover, S(60s) and m(60s) values show linear relationships with the RAP binder

content for the blends produced with the same amount of rejuvenator (0%, 5%, 10%
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and 15% by mass of RAP binder). Linear regressions were performed and R? values
were determined for each regression resulting values always higher than 0.961.

Figure 2.41c shows the relation between S(60s) and m(60s) of all binders

at -15°C. An exponential regression was performed on these data and a good R?
value of 0.977 was found.
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Figure 2.41. BBR test results for all the blends at -15°C: (a) S(60s) values as a
function of RAP binder content; (b) m(605) values as a function of RAP binder
content; (c) S(60s) vs. m(60s).
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2.10 Analysis of the high and low critical temperatures

2.10.1 Determination of DSR high critical temperature

As previously described, complex shear modulus tests were performed on all
binders by using a DSR apparatus at seven temperatures and at ten frequencies. Test
conditions are detailed in Table 2.3.

The determination of the DSR high critical temperatures, the experimental
results and the estimation of these temperatures was presented in one publication
which was accepted for publication Forton et al., 2021 [183]. With respect to this
article, only slight modifications have been made.

The procedure used to calculate Tpsg high critical 1S Shown in Figure 2.42.

Measurements of complex shear modulus: ‘

16*(T, /I and (T, f)
25°C < T <85°C; 0.10 Hz < f < 10 Hz

Linear interpolations were performed between data at 1.29 Hz

(8.10 rad/s) and 2.15 Hz (13.50 rad/s), in order to obtain data at
10 rad/s.

-

Calculation of |G*|/sinp when w = 10 rad/s

V.

. Values of |G*|/sinp when w = 10 rad/s were plotted as a function of
temperature and DSR high critical temperatures (Tpsg nign criticar)
were obtained by performing a linear interpolation between the

two nearest data points according to the condition 2.25

Figure 2.42. Overall description of the procedure used to determine Tpggr pigh critical

Performed tests and analysis are in agreement with the overall Superpave
framework but some minor differences in the analysis of test results were applied to
obtain the high critical temperatures of the tested binders.

High critical temperatures for all tested binders were determined considering
the condition 2.25 from AASHTO T315-10 [184] for unaged binders.

TDSR high critical determined when ‘G*‘/simp =1.0 KPa,when w=10rad/s (2.25)
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Since the exact frequency corresponding to 10 rad/s (1.59 Hz) was not used
in tests a linear interpolation was performed between data at 1.29 Hz (8.10 rad/s)
and 2.15 Hz (13.50 rad/s), in order to obtain data at 10 rad/s. Values of

‘G*‘/sinqo =1.0 kPa when w =10 rad/s were plotted as a function of temperature,

and high critical temperatures were obtained according to the condition 2.25.

Figure 2.43 shows an example of how the high critical temperature was
obtained for the binder blend 50/70 + 75% RAP + 5% Rej. The same analysis was
performed for all the tested binders and shown in Figure A1.82 to Figure A1.97
reported in Appendix 1.

It must be mentioned that the high critical temperature of the RAP binder was

extrapolated by performing a linear regression of the values of ‘G*‘/singo for
w =10 rad/s attemperatures from 25°C to 85°C since this material is an aged binder
and its Tpgg high critical Value is higher than the highest test temperature (85°C).
Values of Tpgg high critical for all binder blends are reported in Table 2.24.

In order to highlight the influence of the RAP binder and the rejuvenator on
the behaviour of all binder blends, Tpsg high critical Values were plotted as a function

of the RAP binder content (Figure 2.44).

Table 2.24. Experimental results for all tested binders: DSR high critical temperatures.

TDsR high critical

Binders

(°C)
50/70 67.30
RAP 92.80
RAP + 5% Rej 84.70
RAP + 10% Rej 73.90
RAP + 15% Rej 64.40
50/70 + 25% RAP 73.10
50/70 + 25% RAP + 5% Rej 72.30
50/70 + 25% RAP + 10% Rej 67.80
50/70 + 25% RAP + 15% Rej 65.00
50/70 + 50% RAP 78.40
50/70 + 50% RAP + 5% Rej 72.90
50/70 + 50% RAP + 10% Rej 68.40
50/70 + 50% RAP + 15% Rej 65.00
50/70 + 75% RAP 83.60
50/70 + 75% RAP + 5% Rej 77.70
50/70 + 75% RAP + 10% Rej 71.70
50/70 + 75% RAP + 15% Rej 66.20

As it can be observed, values of Tpgg high critical INcrease with the increase

of RAP binder content and decrease with the increase of rejuvenator content within
blends. Moreover, Tpsg pigh critical Shows a linear relationship with the RAP binder

content for the blends produced with the same amount of rejuvenator: 0%, 5%, 10%

and 15% by mass of the RAP binder. Linear regressions were performed and R2
values were determined for each regression. For the blends produced with 15% of
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rejuvenator by mass of the RAP binder, the R? value of 0.095 is not meaningful since
the Tpsr high critical Values of all blends remain approximately constant for all RAP

binder contents. It seems that the 15% Rej amount is the limit dosage.

It is interesting to notei that, probably, the blends produced with more than
15% Rej become softer with increasing RAP binder content. This possible trend can
be explained by the fact that rejuvenator content is calculated with respect to RAP
binder content and also by the fact that the 15% Rej amount seems to be the limit
dosage.
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Figure 2.43. TpgRr high critical determination from complex shear modulus test results
for 50/70 + 75% RAP + 5% Rej blend.
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Figure 2.44. DSR high critical temperatures for all binders as a function of RAP binder
content.

With respect to values of Tpggr pigh critical » the increase of the rejuvenator

content within blends has the opposite effect of the increase of RAP binder, thus
TDSR high critical  decreases for increasing rejuvenator content. This observation

suggests the possibility to balance the effect of RAP binder on Tpggr pigh criticar ©f

blends with rejuvenator.
For simplicity in the following sections the values of Tpgg pigh critical

determined for all blends from experimental tests as described so far are referred to
as ‘experimental’.

2.10.2 Determination of BBR low critical temperature

The determination of the BBR low critical temperatures, the experimental
results and the estimation of these temperatures was presented in one publication
which was accepted for publication Forton et al., 2021 [183]. With respect to this
article, only slight modifications have been made.

The most common parameters obtained from the BBR test results are the ‘low
critical temperatures’ which in accordance with the American Standards are used for
the binder classification (low PG temperature).

Performed tests and analysis are in agreement with the overall Superpave
framework but some minor differences in the analysis of test results were applied to
obtain the considered critical temperatures of the tested binders. Even if the critical
temperatures are similar, but not equal to the two Superpave critical temperatures,
the developed new approach can most probably be applied with success to Superpave
values. The procedure used to calculate Tggg jow criticas 1S shown in Figure 2.45.
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Measurements of binder beam sizes and deflection
measurements at a specific loading time, at each test
temperature for all binders ‘

¥

Calculation of S(t) and m(t)

From S(60s) and m(60s) and by applying conditions 2.26
and 2.27, two limiting temperatures (Ts,,,, Tm,, ) Were
determined ‘

Determination of BBR low critical temperatures
(TgER 10w criticar) DY @pplying condition 2.28 for all binders

-

N

Figure 2.45. Overall description of the procedure used to determine Tggg jow critical -

The S(t) and m(t) were plotted as a function of the loading time (t, in s) for

all test temperatures. From S(t) and m(t) values at the loading time of 60s, two

limiting temperatures were obtained corresponding to the temperature at which
5(60s) =300 MPa and the temperature at which m(60s)=0.300 respectively, as

shown in equations 2.26 and 2.27.

5(605) =300 MPa —» T5300 (2.26)

m(60s) = 0.300 — T,

o3 (2.27)

Values of S(60s) and m(60s) were plotted as a function of temperature. The

limiting temperatures were obtained by performing a linear interpolation between the
two nearest data points to the conditions 2.26 and 2.27.

The BBR low critical temperature (TBBR low critical) was defined as the highest

value between the above mentioned two temperatures Tg, ~ and Tp, _:

TBBR low critical = Max (75300 ; Tm0_3) (2.28)

According to AASHTO MP1l-a [185], the low PG critical temperature
(TPG low Cr,-t,-ca,) is 10°C lower than the above mentioned Tgggr 10w critical - However,

if the creep stiffness is below 300 MPa, the direct tension test is not required.
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It must be mentioned that BBR tests were performed only on the original
binders without aging process. The direct tensile test (DTT) was not performed.
Therefore, in this work the analysis and the estimations were performed for the
TBBR low critical Values obtained only by applying the conditions 2.26, 2.27 and 2.28.

Therefore, the analysed temperature is called Tggg jow criticas @nd is not the

Superpave low critical temperature.
Figure 2.46 show an example of how Tggg jow criticar Was obtained for the

blend 50/70 + 50% RAP + 10% Rej. The same analysis was performed for all the
tested binders (Figures A1.98 - A1.113 - Appendix 1).
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Figure 2.46. BBR test results for the blend 50/70 + 50% RAP +10% Rej: (a) flexural
creep stiffness (left) and m-value (right) as a function of time; (b) determination of
the limiting low temperatures: Tg, . (left), T, . (right) and Tgpg jow critical -

In order to highlight the influence of the RAP binder and rejuvenator content
on the behaviour at low temperatures of all binders, Ts, ', Tm, 5 and TgpR jow critical

values were plotted as a function of the RAP binder content in Figure 2.47a - 2.47c.
Values of Tg, '/ T, and TggR jow critical ©f all tested binders are reported in Table

mg,3
2.25.
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Figure 2.47. BBR temperatures as a function of RAP binder content for all binders:
(a) TS300 r (b) Tm043 r (C) TBBR low critical -

As it can be observed, values of Tg, ', Tm) 5 and Tggr jow critical INCrease

with the increase of RAP binder content and decrease with the increase of rejuvenator
content within blends. Moreover, BBR temperatures show linear relationships with the
RAP binder content for the blends produced with the same amount of rejuvenator
(0%, 5%, 10% and 15% by mass of the RAP binder). Linear regressions were

performed and R? values were determined for each regression. Similar tendencies
were observed for the European conventional parameters of penetration, ring and ball
temperature, Fraass temperature of the blends produced with 10% Rej: regression
lines for the blends produced with 10% rejuvenator are close to the horizontal line,

with a lower RZ values. This indicates the capability of the rejuvenator to rejuvenate
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the hard-aged RAP binder and to provide a final product with closer properties of fresh
binder.
With respect to Tgggr jow critical Values the increase of the rejuvenator content

within blends have the opposite effect of the increase of RAP binder, thus
TBBR Jow critical decreases for increasing rejuvenator content. The same comment

made for high critical temperatures is similar to BBR low critical temperatures. The
effect of the rejuvenator appears to counterbalance the effect of the RAP binder on
TBBR low criticai Of blends with rejuvenator. However, it is interesting to note that a

lower dosage of rejuvenator is necessary in order to obtain a similar low critical
temperature as the one of the 50/70 binder than to meet the high temperature
specifications.

For simplicity, in the following sections the values of Tgggr jow critical

determined for all blends from experimental tests as described so far are referred to
as ‘experimental’.

Table 2.25. Values of Tg, T, and TggRr jow critical ©f all tested binders.

Mo.3
Binders TS300 Tm0,3 TBBR low critical
9] 9] (°C)
50/70 -20.40 -21.30 -20.40
RAP -11.50 -7.70 -7.70
RAP + 5% Rej -17.50 -16.70 -16.70
RAP + 10% Rej -25.50 -23.10 -23.10
RAP + 15% Rej -29.00 -29.80 -29.00
50/70 + 25% RAP -19.40 -18.10 -18.10
50/70 + 25% RAP + 5% Rej -20.60 -20.10 -20.10
50/70 + 25% RAP + 10% Rej -20.70 -21.00 -20.70
50/70 + 25% RAP + 15% Rej -21.70 -22.80 -21.70
50/70 + 50% RAP -17.60 -16.40 -16.40
50/70 + 50% RAP + 5% Rej -20.00 -18.80 -18.80
50/70 + 50% RAP + 10% Rej -21.90 -23.40 -21.90
50/70 + 50% RAP + 15% Rej -23.40 -24.10 -23.40
50/70 + 75% RAP -15.20 -13.70 -13.70
50/70 + 75% RAP + 5% Rej -19.20 -17.90 -17.90
50/70 + 75% RAP + 10% Rej -22.60 -23.20 -22.60
50/70 + 75% RAP + 15% Rej -25.50 -26.10 -25.50

2.10.3 Estimation of the high and low critical temperatures

The two estimation approaches described in Section 2.4 were applied to
determine the estimated values of Tpsg high critical @d TBBR Jow critical for all binder

blends. The obtained results were then compared with the experimental values.

It must be mentioned that the first estimation approach used in this study is
a ‘classical’ linear blending rule for high critical temperature between two binders as
presented in AASHTO M 323 [186]. The second approach is a proposed estimation
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method in which critical temperatures of the final blends were estimated from values
determined for the two base binders and equivalent values of the rejuvenator. It must
be mentioned that these equivalent values of the rejuvenator are not intended to
reflect its actual properties and were used only in the context of the blending rule.
The equivalent values of the rejuvenator are: Tge;j psr high critical = —119.90°C,

Trej BBR low critical = —175.60°C .
Correlation plot of estimated vs. experimental results of Tpgg phigh criticas @nd
TBBR low critical @re shown in Figure 2.48 and Table 2.26. All estimated results were

rounded to the nearest 0.10°C.
Coefficients of determination were calculated with respect to the equality line
for both correlations by 1st estimation approach and 2" estimation approach vs.

experimental results, respectively. R? values were calculated for the equality lines
without taking into account the input values with respect to each approach: ,
TraP+Rej 1-€- five binders for the classical approach; Tsg,70, Trap: Trej i-€- tWo

binders and the equivalent values for the rejuvenator for the proposed approach.

Table 2.26. Estimated values of DSR high critical temperatures and BBR low critical
temperatures for all binders.

TDSR high critical (°C) TBBR low critical (°C)

Binders 1st ond 1st ond
estimation estimation | estimation estimation

50/70 M* M* M* M*
RAP M* M* M* M*
Rej equivalent - -119.90™ - -175.60™"
RAP + 5% Rej M* 82.70 M* -15.70
RAP + 10% Rej M* 73.50 M* -23.00
RAP + 15% Rej M* 65.10 M* -29.60
50/70 + 25% RAP 71.90 71.90 -18.10 -18.10
50/70 + 25% RAP + 5% Rej 70.50 70.20 -19.70 -19.50
50/70 + 25% RAP + 10% Rej 68.60 68.50 -20.90 -20.90
50/70 + 25% RAP + 15% Rej 66.70 66.90 -22.10 -22.20
50/70 + 50% RAP 76.40 76.40 -15.90 -15.90
50/70 + 50% RAP + 5% Rej 73.70 73.00 -19.00 -18.70
50/70 + 50% RAP + 10% Rej 69.80 69.60 -21.40 -21.40
50/70 + 50% RAP + 15% Rej 66.20 66.40 -23.80 -24.00
50/70 + 75% RAP 81.00 81.00 -13.60 -13.60
50/70 + 75% RAP + 5% Rej 76.80 75.70 -18.40 -17.80
50/70 + 75% RAP + 10% Rej 71.00 70.80 -21.90 -21.80
50/70 + 75% RAP + 15% Rej 65.70 66.00 -25.30 -25.70

M* - measured (experimental results).
** - equivalent values for the rejuvenator obtained by minimizing the distance
between experimental results and estimated values.
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Figure 2.48. Plot of estimated vs. experimental values of for all binders: (a) DSR high
critical temperatures; (b) BBR low critical temperatures.

For the high critical temperatures, satisfactory values of R? higher than 0.934
were found. Slightly higher correlation with the experimental results was found for
the estimated values obtained with the 2nd estimation approach, which is an original
input of this study.

For the low critical temperatures, a better correlation was obtained, R? higher
than 0.983 were found. A slightly better correlation with the experimental results was

found for the estimated values obtained with the 15t approach, R% =0.984. However,
in case of the second approach a close value of R? was obtained (0.983).

The satisfactory values of R? obtained with the 21 proposed approach shows
that this estimation method can be considered valid and even more advantageous
because less input data is required.
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For the low temperatures, the developed model should be applied on PAV
aged binder. In this case, a validation process must be done in further research. A
wider set of data are needed to validate the proposed approach. Also, in order to
validate this proposed estimation approach a wider range of temperatures and
frequencies should be considered for the DSR tests.

2.11 Relations between parameters

2.11.1 Relations between penetration and Tras and Trraass

In order to find possible relations between penetration and ring and ball
temperature (Tggpg) and Fraass breaking point temperature (Tg5555), €Xperimental
values of penetration at 25°C ( pen., in logarithmic scale) were plotted against
experimental values of Tggg and Tg555s for all binders (Figure 2.49).

Figure 2.49a and 2.50b show also the limits defined in standard EN
12591:2009, for traditional binders (35/50, 50/70 and 70/100).

100 A :
c =% 70/100 bitumen
E ' —» 50/70 bitumen
i 1 - —
- e : X  50/70
o
S f%l_%sd 35/50 bitumen o RAP _
o W > O  RAP + 5% Rej
® S ® RAP + 10% Rej
B Se AN ® RAP + 15% Rej
5 log(pen.) = -0.024 Trgs + 2.910°~ i 28%8 :: §§3f° Eﬁg + 5% Re;
R2 = 0.992 ~ o o
10 . . . . 9 A 50/70 + 25% RAP + 10% Rej
30 40 50 60 20 80 A 50/70 + 25% RAP + 15% Rej
a) Tras (°C) o 50/70 + 50% RAP
o 50/70 + 50% RAP + 5% Rej
........ ! : 100 3 50/70 + 500/0 RAP + 100/0 Re_]
\’\‘ —%70/100 bitumen| = ¢ 50/70 + 50% RAP + 15% Rej
- : [ O 50/70 + 75% RAP
| 1> 50770 bitumery E O 50/70 + 75% RAP + 5% Rej
I S ®  50/70 + 75% RAP + 10% Rej
——Ni-——v- = B 50/70 + 75% RAP + 15% Rej
N &  ———-35/50 standard limits
35/50 bitumen | § ————— 50/70 standard Iinjit;
S, \\ Jq-') 70/100 _standard limits
log(pen.) = -0.059 Ty yors + 0.898N _ §  —— ~Regression
R2 = 0.993 O 10
-20 -15 -10 -5 0

b) TFraass (OC)

Figure 2.49. (a) Relation between ring and ball temperature and penetration for all
tested blends and traditional binders limits; (b) Relation between Fraass breaking
point temperature and penetration for all tested blends and traditional binders limits.

As it can be observed, the blends of RAP and fresh binders produced with 5%
rejuvenator by mass of RAP binder are within the limits of a 35/50 penetration grade
bitumen. Similarly, the blends produced with 10% rejuvenator by mass of RAP
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bitumen are within the limits of a 50/70 penetration grade bitumen. As expected,
Trgp Values of the tested binders increase with the decrease of penetration.

Similar observations can be made regarding penetration as a function of
Fraass breaking point temperature (Tga55), @s it could be observed in Figure 2.49b.

Strong correlations were found for all the linear regressions performed for the
mentioned parameters.

In particular, R? values equal to 0.992 and 0.993 were obtained for the linear
regressions between /og pen. and Trgg and log pen. and Tg 4555 respectively.

2.11.2 Relation between pen. and steady shear viscosity at 25°C

In Figure 2.50 the possible relation between penetration and steady shear
viscosity at 25°C was investigated. The experimental values of penetration at 25°C

(pen.) were plotted against experimental values of 779(25°C) in log-log scale.

As expected, the steady shear viscosity values at 25°C of all tested binders
increase with the decrease of penetration.
Strong correlation was found for the linear regressions performed for the

mentioned parameters. In particular, R? value equal to 0.995 was obtained for the
linear regressions between /og pen. and logny .
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Figure 2.50. Relation between steady shear viscosity (norm of complex viscosity at
259C) and penetration for all the tested blends.

2.11.3 Relation between conventional parameters (pen., Tres) and
TDsR high critical

In Figure 2.51 the experimental values of penetration at 25°C ( pen., in
logarithmic scale) and Tgrgg were plotted against experimental values of
TpsR high critical (Figure 2.51a and Figure 2.51b) in order to highlight the possible

relation between these two conventional parameters and DSR high critical
temperatures.
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As it can be observed, Tpgg high critical Values increase with the decrease of

penetration and the increase of Tgpgpg. These tendencies are caused by the increase

of the RAP binder content. On the other side, it could be observed that the rejuvenator
proves to have a reverse effect on the behaviour of the binder blends.

The correlations between Tpgg pigh criticar  VS- Penetration and Trgg,

respectively, show lower values of R? of 0.897 and 0.906.
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Figure 2.51. (a) Relation between penetration and DSR high critical temperature for
all blends; (b) Relation between ring and ball temperature and DSR high critical
temperature for all blends.

2.11.4 Relation between conventional parameters (pen., Trraass) and
TBBR low critical

In order to investigate the possible relation between these two conventional
parameters and BBR low critical temperatures, the experimental values of penetration
at 25°C ( pen., in logarithmic scale) and Tg 555 Were plotted against experimental

values of Tggr jow criticai (Figure 2.52a and Figure 2.52b).
As it can be observed, TggRr jow critical Values increase with the decrease of

penetration and the increase of Tg5555 . These tendencies are caused by the increase

of the RAP binder content. On the other side, it could be observed that the rejuvenator
presence proves to have a reverse effect on the behaviour of the binder blends.
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Strong correlations were found for the linear regressions performed for the
TBBR low critical VS- Pen. and Tg565- 1IN particular, R? values equal to 0.969 and

0.955 were obtained for the linear regressions between, log pen. and Tggg jow critical

and Trraass @and TgRr jow critical + T€SPectively.
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Figure 2.52. (a) Relation between penetration values and BBR low critical
temperatures for all blends; (b) Relation between ring and ball temperatures and BBR
low critical temperatures for all blends.

2.12 Statistical analysis

A statistical analysis was performed in order to highlight the validity of both
estimation methods (15t and 2" estimation) of conventional parameters ( pen. at

25°C, Trap:' Trraass), steady shear viscosity at different temperatures 770(T),
2S2P1D parameters (h,Bandz') and ar temperature shift factors, critical

temperatures (Tpsg high critical @1d TBBR fow critical) @nd norm of complex shear

modulus (‘G* (T,f)‘).
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The difference (d) between experimental (Xexper,-menta,,logYeXper,-menta,)

and estimated (Xest,-mat,-on 1 or 2+ 109 Yestimation 1 or 2) parameters was chosen as the

response for the statistical analysis (equation 2.29).

d=X experimental — Xestimation 1 or 2
or (2.29)

d = 10g Yexperimental — 109 Yestimation 1 or 2
Standard deviation o was calculated for each parameter as follows:

Z,I'V=1(df B a)

N-1

o - (2.30)

where N corresponds to the number of binder blends (for the first estimation N =12
and for the second estimation N =15), and d is the average of d; values.

A confidence interval was calculated for each parameter, as follows in
equation 2.31:

Tt

where ¢ is the half-width of the confidence interval, t is the value of the Student-

€=- (2.31)

Fischer distribution as a function of v (degrees of freedom) and a (confidence level).

As already described, with the 1st estimation method the above-mentioned
parameters of 12 blends were estimated from experimental values obtained for the
base binders: fresh 50/70 binder and four RAP + Rej blends, for a total of five base
binders, and therefore the number of degrees of freedom for this estimation is seven.

Regarding the 2" estimation method parameters of 15 binder blends were
estimated from experimental values obtained for the two base binders (fresh 50/70
and RAP binders) and equivalent values obtained for the rejuvenator, therefore u for
this estimation is 12.

In this analysis, seven confidence levels from 90% to 99.9% were considered
for the calculation in order to obtain confidence interval half-width values, ¢ .

Values of € obtained for each parameter and for both estimation approaches
are intended to show the maximum possible errors for a given confidence level.

In order to highlight the magnitude of the imprecision of both estimation
methods, for each parameter values of € were compared to the maximum variations

(A) of the experimental results. Also, the inverse analysis was carried out, in which

the confidence levels corresponding to a 5% &/4 were determined.

The output of this statistical evaluation for each parameter for both
estimations are related to:

— confidence intervals half-width (s) for different confidence levels: results

reported in Table 2.27 for conventional parameters, Table 2.28 for steady
shear viscosity, Table 2.29 for critical temperatures, Table 2.30 for 2S2P1D
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parameters and temperature shift factors and Table 2.37 shows an

I

example for the norm of complex shear modulus ‘G* (T,f =1.29 Hz)

- maximum variations (4) of experimental values of each parameter:
results reported in Table 2.31 and Table 2.39;
- confidence intervals half-width, (&) / maximum variation (A) for different

confidence levels: results reported in Table 2.32 for conventional
parameters, Table 2.33 for steady shear viscosity, Table 2.34 for 2S2P1D
parameters and temperature shift factors, Table 2.35 for critical
temperatures and Table 2.38 shows an example for the norm of complex

shear modulus ‘G* (T,f =1.29 Hz)

— confidence levels corresponding to 5% €/ A : results reported in Table 2.36

and Table 2.40.
Regarding the norm of complex shear modulus results, it must be mentioned
that Tables 2.37 - 2.40 are showing the results of the statistical analysis performed

on ‘G*(T,f=1.29 Hz)‘. The same analysis was performed for all the other

frequencies, and the results are reported in Appendix 1 - Table A1.1 - A1.9.

As it could be observed in Tables 2.27 - 2.30, € values in most cases are
higher for the first estimation as the possible errors for a given confidence level are
higher with the first estimation method. However, for some parameters

(example :log 110 (85°C), TpsR high critical » s etc.) this observation is not valid €

showing values higher for the second estimation. In this case the difference between
the € values obtained for each estimation method are close (it could be observed
from the values of the ratio 1st/2" which are near to 1.0).

Table 2.27. Confidence interval half-width values € - conventional parameters.

Parameter Estimation Confidence level o

method 90% 93% 95% 97% 99% 99.5% 99.9%

13t 0.01 0.01 0.01 0.01 0.01 0.01 0.02

y log (pen.) 2m 0.01 0.01 0.02 0.02 0.02 0.02 0.03
s w Ratio 1st/2"¢ | 0.54 0.54 0.55 0.56 0.58 0.60 0.64
£ g 1st 0.46 0.51 0.57 0.65 0.84 0.97 1.30
95 TrR&B 2nd 0.77 0.86 0.94 1.06 1.32 1.48 1.87
S« Ratio 1st/2"¢ | 0.59 0.60 0.60 0.61 0.64 0.65 0.70
22 18t 0.18 0.21 0.23 0.26 0.34 0.39 0.52
§ Trraass 2nd 0.32 0.35 0.39 0.44 0.54 0.61 0.77
Ratio 1st/2"¢ | 0.57 0.58 0.59 0.60 0.62 0.63 0.68
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Table 2.28. Confidence interval half-width values € - steady shear viscosity.

Estimation Confidence level «
Parameter
method 90% 93% 95% 97% 99% 99.5% 99.9%
1st 0.06 0.06 0.07 0.08 0.10 0.12 0.16
log ng (25°C) 2nd 0.06 0.07 0.07 0.08 0.11 0.12 0.15
Ratio 15/2" | 0.92 0.93 0.94 0.95 0.99 1.01 1.08
1st 0.04 0.05 0.06 0.06 0.08 0.09 0.13
2 | log g (35°C) 20 0.05 0.06 0.06 0.07 0.09 0.10  0.12
] Ratio 1st/2"¢ | 0.86 0.87 0.88 0.89 0.93  0.95 1.02
S 1st 0.04 0.04 0.05 0.05 0.07 0.08 0.10
& | log ng (45°C) 2nd 0.04 0.05 0.05 0.06 0.08 0.08 0.11
s Ratio 1st/2"@ | 0.83 0.84 0.84 0.86 0.89 0.91 0.97
] 1st 0.03 0.04 0.04 0.05 0.06 0.07 0.09
£ | log ng (55°C) 2nd 0.04 0.04 0.05 0.05 0.06 0.07 0.09
£ Ratio 1st/2¢ | 0.83 0.84 0.85 0.86 0.90 0.92 0.98
P 1st 0.03 0.03 0.04 0.04 0.05 0.06 0.08
g | log ng (65°C) 2nd 0.03 0.04 0.04 0.05 0.05 0.06 0.08
e Ratio 1st/2"¢ | 0.88 0.89 0.90 0.92 1.18 0.98 1.04
E 1st 0.03 0.03 0.04 0.04 0.05 0.06 0.08
8 | logng (75°C) 2nd 0.03 0.03 0.04 0.04 0.05 0.06 0.07
Ratio 15/2"@ | 0.96 0.97 0.98 1.00 1.03 1.06 1.13
1st 0.03 0.03 0.04 0.04 0.05 0.06 0.08
log ng (85°C) 2nd 0.03 0.03 0.04 0.04 0.05 0.06 0.07
Ratio 1st/2"¢ | 1,02 1.03 1.04 1.05 1.10 1.12 1.20
Table 2.29. Confidence interval half-width values ¢ - critical temperatures.
i i Confidence level «
Parameter Estimation
method 90%  93% 95% 97% 99%  99.5%  99.9%
= 1st 0.92 1.04 1.15 1.32 1.70 196  2.63
> n
3‘3 f:' ThSR high critical 2f 0.87 0.97 1.06 1.20 1.49 1.67 2.11
5 5 ﬁ?/tz'?d 1.06 1.07 1.08 1.10 1.14 1.17  1.25
(§)
< ,,-;_ 1st 0.26 0.29 0.32 0.37 0.47 0.54 0.73
o E nd
€ £| TR low critical 2 . 0.29 0.33 0.36 0.40 0.50 0.56 0.71
S Ratio 0.88 0.88 0.89 0.91 0.94 0.97 1.03

1st/2nd
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Table 2.30. Confidence interval half-width values & - 2S2P1D parameters and
temperature shift factors.

P Estimation Confidence level
arameter
method 90% 93%  95%  97%  99% 99.5% 99.9%
1t 0.00 0.00 0.00 0.00 0.00 0.00 0.00
h 2nd 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ratio 1%/2™ | 1.42  1.40 139 137 131  1.28  1.20
15t 0.01 0.01 0.02 0.02 0.02 0.03 0.03
10g (B) 2nd 0.01 0.00 0.01 0.02 0.02 0.02 0.03
Ratio 1%/2™ | 0.95 0.94 093 091 0.8 0.86  0.80
© 15t 0.02 0.02 0.02 0.02 0.03 0.03 0.04
ot log (7) 2nd 0.02 0.02 0.03 0.03 0.04 0.04 0.05
= Ratio 1%/2™ | 1.40 1.39 137 135 1.30 1.27  1.19
§ 10 (a7 ) 15t 0.01 0.02 0.02 0.2 0.03 0.03 0.04
- 2nd 0.02 0.02 0.02 0.03 0.03 0.04 0.05
S| *%C |Rato1y2@ | 142 141 139 1.37 132 129  1.21
5 15t 0.01 0.01 001 0.01 0.01 0.01 0.02
> log (ar ) nd
£ i 2 0.0 0.00 0.01 0.01 001 0.01 0.02
£ | a3°C | Ratio1%/2 | 0.88 0.87 0.86 0.85 0.82 0.80  0.75
- st
g | Poler) | o 1001 ooi o001 ool o0l ool 001
Q| 4¥C | Ratio1%/2 | 0.96 0.95 0.94 0.93 0.89 0.87  0.81
E 1 o (1) 15t 0.00 0.00 0.00 0.00 0.01 0.01 0.01
9 ) 2nd 0.00 0.00 0.00 0.00 0.01 0.01 0.01
aob>C | patio1%/27 | 1.16  1.15 114 1.12 1.08 1.05  0.99
10 (a7 15t 0.01 0.01 001 0.01 0.01 0.01 0.02
2nd 0.01 0.00 0.01 0.01 0.02 0.02 0.02
at75°c Ratio 1t/2" | 1.73 1.71 1.69 1.66 1.60 1.56 1.47
10 (a7 ) 15t 0.01 0.01 001 0.01 0.02 0.02 0.03
2nd 0.01 0.02 0.02 0.02 0.03 0.03 0.04
at 85°C Ratio 15/2" | 1.65 1.63 1.62 1.59 1.53  1.49 1.40

By analysing the results obtained for this statistical evaluation it could be
observed that for the 15t estimation half-width values of 99.5% confidence intervals
of estimated conventional parameters are always below 5% of the maximum variation
of the experimental values (Table 2.27, Table 2.32 and Table 2.36). Regarding the
second estimation the same observation could be made. However, the values of the
estimated conventional parameters are always below 5% of the maximum variation
of their experimental values for a 98.4% confidence interval.

Regarding the analysis performed over steady shear viscosity (given in Table
2.28, Table 2.33 and Table 2.36), half-width values of 97% confidence intervals of

log g (T) are always inferior to 5% of the maximum variations of their experimental
values, independently of the estimation approach used. However, a more accurate
estimation was performed with the 2" method.

For the 2S2P1D parameters and temperature shift factors shown in Table
2.29, Table 2.34 and Table 2.36 for the 1st estimation, the half-width values of
95.00% confidence intervals of h, log B, log r and log ar are always inferior to 5% of
the maximum variations of their experimental values. A better estimation was
performed with the 2" method for which the half-width values of 98.85% confidence

intervals of 2S2P1D parameters are always inferior to 5% 4.
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the considered parameters are always inferior to 5% of 4, independently of the

estimation method used.

Table 2.31. Maximum variations 4 of experimental values of each parameter for all

binder blends according to the 1st or 2" estimation method.

Similar observations can be made also for the critical temperatures by reading
the Table 2.30, Table 2.35 and Table 2.36. Half-width values of 90.50%

for Tpsr high critical » Fespectively 99.60% for Tggr jow criticas cONfidence intervals of

Table 2.32. Confidence interval half-width values € / maximum variation 4 ratios

- conventional parameters.

parameter | EStimation Parameter Est.
method 4 method .
= 1 0.53 — = | 18.60
g g log (pen.) ond 0.64 s E_ TDSR high critical ond 20.30
— = )
) 1st 20.80 =) 1st 11.80
§ g TrR&B ond 2500 G * | TBBR low critical ond 15.30
E5l - 1= 8.00 " 1= 0.03
Se Fraass ond 10.00 a E h 2 0.03
1% 1.90 a9 1= 0.41
log ng (25°C) ond 2.25 & E log () 2nd 0.48
1% 1.66 N g 1= 0.81
log ng (35°C) ond 1.94 o log (<) ond 0.93
% 1% 1.44 log (ar) 1= 0.50
2 log ng (45°C) ond 1.66 ond 0.68
g . " at 25°C .
l; ].St 1.24 s [Og (aT) ].St 0-33
I 55°C
5 0g ng (55°C) ond 1.41 o at 35°C 2nd 0.46
L
& 1= 1.07 £ log (ar ) 11015
I 65°C =
.g 29 1o (65°C) 2nd 1.19 @ at 45°C 2 0.20
o T V] st
15 0.95 1 0.15
] log ng (75°C) E eater)
2nd 1.02 & at 65°C 2 0.19
1st 0.85 2 log (ar) 1 0.27
I 85°C
og o (85°C) 2nd 0.91 § at 75°C 2n 0.34
g or) = 040
ot 85°C 2 | 0.50

Estimation Confidence level o
Parameter

method | 90% 93% 95% 97% 99% 99.5% 99.9%
1og (pen) 13t 1.3% 1.5% 1.6% 1.9% 2.4% 2.8% 3.8%
2nd 2.0% 2.3% 2.5% 2.8% 3.5% 3.9% 4.9%
i Tres 15t 22% 2.5% 2.7% 3.1% 4.0% 4.7% 6.2%
w 2nd 3.1% 3.4% 3.8% 4.3% 5.3% 5.9%  7.5%
— 13t 23% 2.6% 2.8% 3.3% 4.2% 4.8% 6.5%
2nd 3.2% 3.5% 3.9% 4.4% 5.4% 6.1%  7.7%
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Table 2.33. Confidence interval half-width values € / maximum variation A ratios
- steady shear viscosity.

Parameter Estimation Confidence level
method | 90% 93% 95% 97% 99% 99.5% 99.9%
Jog g (25°C) 1st 3.0% 3.3% 3.7% 4.2% 55% 6.3% 8.5%
2nd 2.7% 3.0% 3.3% 3.8% 4.7% 5.2% 6.6%
Jog ng (35°C) 1st 2.7% 3.0% 3.3% 3.8% 49% 57% 7.6%
2nd 2.7% 3.0% 3.2% 3.7% 4.5% 5.1% 6.4%
Jog np (45°C) 1st 2.5% 2.8% 3.1% 3.6% 4.7% 5.4% 7.2%
2nd 2.6% 3.0% 3.2% 3.7% 4.5% 5.1% 6.4%
: Jog np (55°C) 1st 2.5% 2.8% 3.2% 3.6% 4.7% 5.4% 7.2%
w 0 2nd 2.7% 3.0% 3.3% 3.7% 4.6% 5.2% 6.5%
Jog g (65°C) 1st 2.7% 3.1% 3.4% 3.9% 5.0% 5.8% 7.8%
2nd 2.8% 3.1% 3.4% 3.8% 4.7% 5.3% 6.7%
Jog g (75°C) 1st 3.0% 3.4% 3.8% 4.3% 5.6% 6.4% 8.6%
2nd 29% 3.3% 3.6% 4.0% 5.0% 5.6% 7.1%
log o (85°C) 1st 3.5% 3.9% 4.3% 5.0% 6.4% 7.4% 9.9%
2nd 3.2% 3.5% 3.9% 4.4% 5.4% 6.1% 7.7%

Table 2.34. Confidence interval half-width values € / maximum variation 4 ratios

- 252P1D parameters and temperature shift factors.

Estimation Confidence level
Parameter

method 90% 93% 95% 97% 99% 99.5% 99.9%
1st 1.7% 1.9% 2.1% 2.4% 3.1% 3.6% 4.8%
h 2nd 2.0% 2.2% 2.4% 2.7% 3.4% 3.8% 4.7%
10 (8) 1t 29% 3.3% 3.7% 4.2% 5.4% 6.3% 8.4%
2nd 2.4% 2.7% 2.9% 3.3% 4.1% 4.6% 5.8%
10 () 1st 1.9% 2.1% 2.4% 2.7% 3.5% 4.0% 5.4%
g 2nd 2.3% 2.6% 2.8% 3.2% 4.0% 4.5% 5.6%
/Og(aT) 1st 29% 3.2% 3.6% 4.1% 5.3% 6.1% 8.2%
at 25°C 2nd 3.0% 3.3% 3.6% 4.1% 5.1% 5.7% 7.2%
log (ar) 1st 2.1% 2.4% 2.6% 3.0% 3.9% 4.5% 6.0%
i at 35°C 2nd 1.3% 1.5% 1.6% 1.9% 2.3% 2.6% 3.2%
w log (ar) 1st 3.7% 4.2% 4.7% 5.4% 6.9% 7.9% 10.7%
at 45°C 2nd 2.7% 3.0% 3.3% 3.7% 4.6% 5.2% 6.6%
/Og(aT) 1st 1.9% 2.2% 2.4% 2.8% 3.6% 4.1% 5.5%
at 65°C 2m 1.7% 1.9% 2.1% 2.4% 3.0% 3.4% 4.2%
/Og(aT) 1st 2.2% 2.5% 2.7% 3.1% 4.0% 4.7% 6.3%
at 75°C 2nd 3.0% 3.3% 3.6% 4.1% 5.1% 5.7% 7.2%
log (ar) 1st 2.3% 2.5% 2.8% 3.2% 4.2% 4.8% 6.4%
at 85°C 2nd 2.9% 3.3% 3.6% 4.1% 5.0% 5.7% 7.1%
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Table 2.35. Confidence interval half-width values € / maximum variation A ratios
- critical temperatures.
Parameter Est. Confidence level
method | 90% 93% 95% 97% 99% 99.5% 99.9%
T ) o 1st 49% 5.6% 6.2% 7.1% 9.1% 10.5% 14.1%
3 DSR high critical 2 | 4.3% 4.8% 52% 59% 7.3% 8.2%  10.4%
w T . 1st 2.2% 2.4% 2.7% 3.1% 4.0% 4.6% 6.2%
BBR Jow critical 2nd 1.9% 2.1% 2.3% 2.6% 3.3% 3.7% 4.6%

Table 2.36. Confidence levels corresponding to 5% €/A ratios of each parameter for
all binder blends according to the 15t or 2nd estimation method.

confidence confidence
Parameter Est. level Parameter Est. level
met. corresp. to met. corresp. to
5% /A 5% /A
- 1st 99.98% _ 1st 90.50%
] log (pen.) ® 4 TDSR high critica
g . 2nd 99.91% S g 2nd 94.00%
= £ st = 0 st
= 1 99.65% = 1 99.68%
o TR&B ] ° O = | TBeR low critical|  _ °
>8 2n 98.60% 2" 99.95%
S o 1st 99.56% . 1st 99.92%
oo 27| 98.40% - 2| 99.93%
98.50% ] 1st 98.50%
log ng (25°C) | 1% ° ac og (B) °
2nd 99.30% » s 2nd 99.70%
st 0, © st o,
og g (35°C) | 1 99.10% o Jog (1) 1 99.85%
> 2nd 99.40% 2nd 99.77%
.a t t
& | logng (45°C) 1° 99.30% log (ar) 1° 98.70%
2 2nd 99.40% " at 25°C 2nd 98.90%
= 1st 99.30% o log (ar) 18t 99.70%
[ log ng (55°C) =
% 2nd 99.40% 8 at 35°C 2nd 100.00%
2 | ogngesc) | X 99.00% g log (ar ) 1st 96.00%
P 910 2nd 99.30% w at 45°C 2nd 99.35%
] . o . (4
- ()]
2 g (75:0) | L 98.30% 5 log (ar) 1t 99.82%
0 )
2nd 99.00% © at 65°C 2nd 99.97%
Q
1og e (85°C) 1st 97.00% g log (ar ) 1t 99.65%
0
2nd 98.40% © at 75°C 2nd 98.85%
log (ar) 15t 99.60%
at 85°C 2nd 98.90%

Similar remarks can be done for the norm of complex shear modulus

‘G*(T,f =1.29 Hz)‘ where the confidence levels corresponding to 5% &/4 ratios of

norm of complex shear modulus is always higher than 94.8% for the 1st estimation,
and 94.3% for the 2"d estimation.
The results of the statistical evaluation confirm the observations made for the
correlation plots of estimated vs. experimental results of each considered parameter.
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As a general comment, regarding the analysis for the 1st estimation of all
parameters, the obtained confidence level corresponding to 5% &/4 is always
90.50%. For the 2" estimation the obtained confidence level corresponding to
5% €/ A is always 94.00%.
It can be concluded that both estimation approaches can be considered valid

for all analysed parameters for the materials considered in this work. However, a
more accurate estimation was performed with the 2" proposed estimation method.

Table 2.37. Confidence interval half-width values € - norm of complex shear modulus

f=1.29 Hz.
Estimation Confidence level a
Parameter
method 90% 93% 95% 97% 99% 99.5%  99.9%
w 13t 0.03 0.04 0.04 0.05 0.06 0.07 0.09
g Iog(‘G*(85°C,1.29 HZ)D 2nd 0.03 0.04 0.04 0.05 0.06 0.06 0.08
E Ratio 1t/27d | 1.00 1.01 1.02 1.04 1.08  1.11 1.18
"_'“-’ 15t 0.04 0.04 0.04 0.05 0.07 0.08 0.10
< /ogUG*(75°C,1.29 HZ)D 2nd 0.03 0.04 0.04 0.04 0.06 0.06 0.08
'E Ratio 1t/27 | 1.09 1.10 1.11 1.13 1.17  1.20 1.28
9 15t 0.04 0.04 0.05 0.05 0.07 0.08 0.11
c
S /ogUG*(esoc,l.m HZ)D 2nd 0.03 0.04 0.04 0.05 0.06 0.06 0.08
2 Ratio 1st/2"¢ | 1.14 1.15 1.16 1.18 1.23  1.26 1.34
§ 13t 0.03 0.03 0.04 0.04 0.06 0.06 0.09
“g' Iog(‘G*(55°C,1.29 HZ)D 2nd 0.04 0.04 0.05 0.05 0.06 0.07 0.09
o Ratio 1st/2"¢ | 0.82 0.83 0.84 0.85 0.89 0.91 0.97
Table 2.38. Confidence interval half-width values € / maximum variation 4 ratios
- norm of complex shear modulus f=1.29 Hz.
Est. Confidence level a
Parameter h
Meth. | 90% 93% 95% 97% 99% 99.5% 99.9%
* 1st 3.9% 4.3% 4.8% 55% 7.1% 8.2% 11.0%
/og(G (85°C,1.29 HZ)D
2nd 3.6% 4.0% 4.4% 4.9% 6.1% 6.9% 8.7%
* 1st 3.8% 4.3% 4.8% 55% 7.0% 8.1% 10.9%
Q | log||G (75°C,1.29 Hz)‘
N 2nd 3.3% 3.7% 4.0% 4.5% 5.6% 6.3% 8.0%
w 1st 3.8% 4.3% 4.8% 5.5% 7.1% 8.1% 10.9%
log[G*(65°C,1.29 HZ)U 9y o o o o o o e
2 3.1% 3.4% 3.8% 4.3% 5.3% 5.9% 7.5%
* 1st 3.0% 3.4% 3.7% 4.3% 5.5% 6.3% 8.5%
log||G” (55°C,1.29 H.
Og( ( Z)D ¢ | 33% 3.7% 4.0% 4.6% 57% 6.3% 8.0%
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Table 2.39. Maximum variations 4 of measured values of norm of complex shear
modulus f=1.29 Hz for all binder blends according to the 15t or 2" estimation method.

S st

o log(G*(85°C,1.29 HZ)D 1 0.85
G 2" 0.92
X st .
90 Iog(G*(75°C,1.29 Hz)j 1 0.93
g% 2 0.99
$3 . T 098
o E log(G (65°C,1.29 HZ)D B

o 2 1.07
E st

S log (‘G*(55°c,1.29 HZ)D 1 1.02
z 2n 1.12

Table 2.40. Confidence levels corresponding to 5% €/A ratios of norm of complex
shear modulus f=1.29 Hz for all binder blends according to the 15t or 2" estimation

method.
Est confidence level
Parameter met. corresp. to 5%
' €/A
& * 1 95.50%
log||G™ (85°C,1.29 H;
E Og[‘ ( Z)D 2 97.10%
()]
t
® v log[G*(75°c,1.29 Hz)D 1° 95.70%
g % 2 98.00%
§ J: * 1 95.70%
o g log[‘G (65°C,1.29 HZ)D .70%
S 2 98.60%
E t
S /og(G*(55°C,1.29 HZ)D 1° 98.40%
z 2 98.00%

2.13 Approximation of rejuvenator properties with only one

test

This approximated estimation approach was used only for the penetration,
ring and ball temperature, Fraass breaking point and the two critical temperature.

If the values of the equivalent penetration/temperatures for the rejuvenator
are not known from previous experiments, a good approximation can be obtained
from only one test performed on the binder blend produced between the RAP binder
and the maximum rejuvenator content (15% Rej by mass of the RAP binder). In this
method, in addition to the tests performed on the base binders, penetration, ring and
ball, Frass, DSR and BBR tests should be performed only on this binder blend RAP +

15% Rej.
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It this case, by using equations 2.9 and 2.10 where the experimental
penetration or temperatures for RAP binder (pengap or Tgap) and for the blend RAP

+ 15 % Rej (penRAp+15%Rej or TRAP+15%ReJ-) and the concentrations (b and r) for

the base components (RAP binder and rejuvenator) were used in order to determine
the equivalent penetration or temperatures for the rejuvenator

(penReJ- approx. O Trej approx.) , as shown in equation 2.32.

(log pengap159re; — b -10g PenRap)

log pengej approx. = b.r

or (2.32)
(TRap+15%Rej b TraP)

7—Rej approx. = b.r

where: T represents Tpgpg OF Trraass OF Tpsr high critical ©F TBBR low critical -

Therefore, with this rapid and practically method the approximated equivalent
values for the above mentioned parameters are the following:
P€NRe;j approx. = 2-47E+08 0.10mm, TRejapprox.pgg = ~228°C,

TRej approx.frasss = ~122°C + TRejapprox.psg = ~125°C @Nnd Trejapprox.ggg = ~171°C -

These approximated equivalent parameters for the rejuvenator can be used to
estimate the parameters for any binder blend, independent of the RAP binder and
rejuvenator contents. Most probably the equivalent Pengej and all TRej values are

only rejuvenator dependent. This should be confirmed in a future research.
Moreover, two additional binder blends were produced with different contents

of RAP binder and rejuvenator (different from those reported in Table 2.1).

Penetration, ring and ball, Fraass, DSR and BBR tests were performed under the same

test conditions. Trgp, TFraass: TDSRhighcritical  TBBRIowcritical @nd pen were

determined from the experimental measurements following the same procedures. The
blending proportions between the three base materials for the additional binder
blends, are reported in Table 2.41. The obtained experimental critical temperatures
for both blends are reported in Table 2.42.
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Table 2.41. Experimental and estimated results obtained for the two additional binder
blends using TRej or pengej values from either the optimization approach (2™

”

estimation method) of previous sections “Est. Optim. App.” or the approximated

approach “Est. Approx. app.”.

TDSRhighcritica/ (°©) TBBRIowcritical (°C)
Binder blends Est. Est. Est. Est.
Exp. | Optim. | Approx. Exp. Optim. | Approx.
app. app. app. app.
50/70 + 40% RAP + 7.5% Rej | 70.7 70.1 70.4 -20.6 | -20.1 -20.0
50/70 + 60% RAP + 8.5% Rej | 71.8 71.3 71.1 -21.0 | -20.6 -20.4
Tras (°C) Trraass (°C)
Binder blends Est. Est. Est. Est.
Exp. | Optim. | Approx. Exp. Optim. | Approx.
app. app. app. app.
50/70 + 40% RAP + 7.5% Rej | 50.8 51 51.4 -13 -13 -13
50/70 + 60% RAP + 8.5% Rej | 51.2 51 51.4 -13 -13 -13
pen (0.10 mm)
Binder blends Est. Est.
Exp. | Optim. | Approx.
app. app.
50/70 + 40% RAP + 7.5% Rej | 50 48 48
50/70 + 60% RAP + 8.5% Rej | 52 48 48

As it can be observed, the values of the experimental critical temperatures of
the two additional binder blends are close to those obtained by using the optimized
estimation. The maximum difference between the experimental and estimated values
of all temperatures is only £0.60°C.

On the other hand, when the approximated estimation is used the maximum
difference between the experimental and estimated values of all temperatures is only
+0.70°C.

For the penetration, the maximum difference between the experimental and
estimated values, either those obtained with the optimized estimation approach or
with the approximated estimation approach, is only +4.0 (0.10 mm).

In order to better highlight the accuracy of this approximated approach
compared to the optimized approach, in Figure 2.53 the differences between the
experimental and the estimated (proposed and approximated approach) results for
all temperatures and penetration for all binder blends produced with rejuvenator (12
binder blends which are reported in Table 2.1) were plotted.
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Figure 2.53. Difference between experimental and estimated results considering
optimized and approximated values for the rejuvenator: (a) Ring and ball
temperatures; (b) Fraass breaking point temperatures; (c) DSR high critical
temperatures; (d) BBR low critical temperatures; (e) Penetration.

As it can be observed, the two series shown in Figure 2.53 (a-e) give quite
similar good results. Therefore, the approximated estimation approach presents the
advantage of requiring less input data (tests only for fresh binder, RAP binder and the
blend of RAP binder and the maximum rejuvenator content RAP + 15% Rej) and it
can be applied for any combination of RAP/rejuvenator, which is not the case for the
classical approach. Indeed, classical approach needs the blend of RAP with the exact
percentage of rejuvenator to be tested.
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2.14 Conclusions

Conventional tests: penetration at 25°C, softening point, Fraass breaking
point, elongation and density at 25°C, rheological (DSR) tests and BBR tests were
performed on various blends of a pure fresh 50/70 bitumen, a RAP-extracted binder
and rejuvenator, in different proportions. In total, 17 different binders including pure
fresh and RAP binders were produced and tested (Table 2.1).

Several parameters were investigated in order to highlight the influence of
the RAP binder and the effect of the rejuvenator on the properties of final blends.

The experimental results show a decrease in penetration and an increase in
softening point (Tgrgp), Fraass breaking point temperature (7g-,555) and penetration

index (PI) for increasing RAP binder content and decreasing rejuvenator content in

blends. Similar tendencies to those observed for the Tg 555 and PI values were

found for the values of density at 25°C. For the binder blends produced without
rejuvenator it can be observed that the elongation is decreasing with the increase of
the RAP binder content and is always lower than 150 mm. It was not possible to
observe the effect of increasing the percentage of rejuvenator on ductility results since
measure span of the test machine is limited to 150 cm.

DSR complex modulus tests were performed from 25°C to 85°C and
frequencies from 0.1 Hz to 10 Hz. The Time-Temperature Superposition Principle was
validated for all tested binders.

The experimental data were analysed by using the 2S2P1D model in which

four parameters (Gp, G, k and &) were considered constants for all tested binders
and only three parameters (h, B and r) were variable. Parameters h, 8 and r and
ar shift factors show some remarkable tendencies with the increase of RAP binder

and rejuvenator contents in the final blends. In particular, parameter h shows a linear
relationship with the RAP binder content and on the other side parameters g, r and

ar temperature shift factors follow a logarithmic trend.
Steady shear viscosity (770) at 85°C was obtained as the norm of complex

viscosity at high temperature/low frequency in the domain of Newtonian behaviour of
binders. 1y values at temperatures from 75°C to 25°C were calculated from the

experimental values of 7y at the reference temperature of 85°C, (770 (Trer = 85°C)),

multiplied by the shift factors. From the obtained results it can be concluded that, for
all temperatures, 7y values are increasing with the increase of RAP binder content

and with the decrease of Rej content in the blends. The addition of the rejuvenator
was observed to counterbalance the stiffening effect of the RAP binder in the blends.

Two critical temperatures were determined for the original binder blends.
Tests are in agreement with the overall Superpave framework but some minor
differences in the analysis of test results were applied to obtain the considered critical
temperatures of the tested binders. The experimental results show that both critical
temperatures increase with increasing RAP binder content in the blends and decrease
with the increase of Rej content within blends. From these results, it seems that the
rejuvenator can have a counterbalancing effect as this neutralizes the effect of the
RAP binder. However, it is interesting to notice that a lower dosage of rejuvenator is
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necessary to obtain a similar low critical temperature as the one of the 50/70 binder
than to meet the high temperature specifications.

From a thermo-mechanical point of view, by analysing the conventional
parameters, steady shear viscosity, 2S2P1D parameters and critical temperatures,
the rejuvenating effect of the mix of vegetal oil was observed to counterbalance the
effect of the aged RAP binder within binder blends.

Moreover, the results obtained for the blends produced with 10% or 15%
rejuvenator by mass of the RAP binder, depending on the investigated parameter are
close to those obtained for fresh binder 50/70, independently of the RAP binder
content. This indicates the capability of the rejuvenator to rejuvenate the hard-aged
RAP binder in terms of mechanical characteristics and finally provide a final product
with similar properties of fresh binder.

Strong relations were observed between the experimental results obtained for

pen., Trgp, Trraass: Steady shear viscosity at 25°C (779) and the critical

temperatures (Tpsg high critical @19 TBBR low critical )
Two different estimation methods were proposed and pen., Treg: Trraass s
2S2P1D parameters (h, Band r), ar temperature shift factors, Tpsg pigh critical -

TBBR low critical @nd ‘G* (T,f)‘ values were estimated for all produced binder blends

from experimental results obtained for the base constituents.

With both estimation methods, good correspondences were found between
estimated and experimental values of all blends. Both methods can be considered
valid for these tested blends.

Slightly better correspondence was found between the estimated values of all
above-mentioned parameters obtained with the 2" estimation, which is an original
contribution of this work, and experimental values. Moreover, the 2" estimation has
also the great advantage to need only one data for each of the three base constituents
when the dosage if fixed.

The estimation approaches used to obtain ‘G* (T,f)‘ values cannot
est.1or 2

be applied for the phase angle, ‘G*(T,f)‘ and@(T,f) cannot be estimated

independently. Therefore, in order to obtain phase angle values of all binder blends
over the whole frequency and temperature domain, the 252P1D model was calibrated

on master curves of ‘G* (T,f)‘ Cor2 at a reference temperature of 55°C in order
est.1 or

to be sure that all analysed binders are thermorheologically simple.
The determined values of go(T,f) are significantly close to the measured

values for all binder blends. A higher global value of R? was found for the second

calculation (0.984) than using the first (0.974). Due to the satisfactory values of R?
that were found, this approach can be considered valid for the tested blends. However,
a better correlation with the experimental measurements was found for the phase

angle values calculated from the 2S2P1D fitted on the ‘G* (T,f)‘ 5 values.
est.
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A statistical analysis was performed in order to highlight the accuracy of both
estimation methods for all parameters, considering all binder blends. Thus, a more
accurate estimation resulted by applying the second estimation method.

It must be mentioned that the 2" estimation approach could work for new
combination of RAP/Rejuvenator, only if the experimental results obtained for the RAP
and fresh binders and the equivalent parameters considered for the rejuvenator are
available.

In addition, if the equivalent parameters for the rejuvenator are not known
from previous experiments, a good approximation can be obtained from only one test
performed on the binder blend produced with the RAP binder and the maximum
rejuvenator content (RAP + 15% Rej in the case of this study). The results using these
approximated values for the rejuvenator are very similar than the ones considering
the optimized values. This conclusion is also validated on two new blends having other
rejuvenator contents (7.5% and 8.5%).

The approximated proposed approach presents the great advantage of
requiring less tests than the classical approach and can be used for any combination
of RAP/rejuvenator, in contrast to the classical approach.

The equivalent parameters for the rejuvenator are probably only rejuvenator
dependent, which is another advantage of the proposed method. This point should be
confirmed with a wider range of fresh and RAP binder types.

These conclusions are based on the research that was conducted on 17
binders and therefore further investigation of the estimation of the above-mentioned
parameters of binder blends is still needed and the validation of this proposed
approach has to be performed on different materials such as different other binders,
aged binders and different rejuvenators.
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3. Performed tests on bituminous mixtures,
analysis and modelling

3.1 Objectives

The main objective of the chapter is to highlight the effects of the RAP material
and the rejuvenator on the thermo-mechanical properties of different bituminous
mixtures produced with different amounts of RAP material and with or without a mix
of vegetal origin used as a rejuvenator. One conventional Hot Mix Asphalt is
considered as a reference. The possible relation between the behaviour of the
bituminous mixtures and the properties of their corresponding binder blends from
Chapter 2, was investigated.

All materials (aggregates, binders and RAP material) were characterized by
performing a series of tests according to the specifications from the Romanian
Standards [14]. The experimental plan was divided in two campaigns. In the first
campaign, seven types of HMA, produced only with virgin materials, were investigated
in order to determine the optimal binder content of the mix. This content is used in
the second campaign where the behaviour of twelve bituminous mixtures produced
with RAP material and with or without rejuvenator was investigated.

The influence of the RAP material and rejuvenator on the behaviour of all
mixtures was analysed by performing the following tests and by evaluating the below
mentioned parameters:

» hydrostatic measurements:

= SSD bulk density: pa pit.mix. :

= water absorption: Ay pit.mix. i
= void content V y pir. mix. @nd voids in mixing aggregates and filled with
bitumen: VMA pit.mix. , VFB pit.mix.
» Marshall test:
= Marshall stability: St mijx. ;
= Marshall flow: Fpit mix. ;
= Marshall tangential flow: Ftpjt.mix. ;

= ratio between Marshall stability and flow: S/Fpjt miy. -

» indirect tension test on cylindrical samples (IT-CY) at different
temperatures 10°C, 15°C, 20°C, 25°C:
= measured and adjusted stiffness modulus: Sy (T), Sa(T).

» permanent deformation resistance (dynamic creep) 10000 impulses, 300
kPa, 50 kPa (confinement pressure), 50°C:
= cumulative axial strain of specimen after 10000 impulses: €19g00;

= creep rate: f..
» complex modulus - two-point bending test on trapezoidal samples:
= norm of complex modulus: ‘E* (T,f)‘ and phase angle: ¢(7,f).
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More details regarding the experimental results obtained for all above
mentioned parameters for all bituminous mixtures, the materials characterization and
the test procedures are given in the following sections.

3.2 Materials components characterization

The materials used in this work were chosen with respect to the specifications
given in the Romanian Standards [14] in order to produce bituminous mixtures with
the maximum aggregate size of 16 mm by adding RAP material with and without
rejuvenator. The materials used in this study are:

— quarry crushed aggregates (0-4 mm; 4-8 mm and 8-16 mm);

- natural sand 0-4 mm;

— limestone filler;

— RAP material (divided into two lots: 0-8 mm; 8-22.4 mm);

- fresh 50/70 binder;

— rejuvenator (oil of vegetal origin).

Each material (Figure 3.1) was characterized starting with the fresh
aggregates (the tests performed for each aggregate group and the results are show
in Tables 3.1 to 3.4), RAP material (results shown in Tables 3.5 and 3.6) and finally
the fresh 50/70 binder and the rejuvenator (their properties and characterization were
analysed in Section 2).

D - quarry crushed aggregates: - lot 0-4 sy Table 3.1

&;Q 6 "0 - | —
o0 OU 48 e Table 3.2
e ‘g;,@ - lot 8-16 abie
o< @D 200 - natural sand 0-4 wessp Table 3.3
DQ - limestone filler s===p Table 3.4
Fresh aggregates RAP binder _’Charr:}cterllzatlon .
described in Section 2
[ extraction and recovery 1
>0 e
RAP material 26 O
divided into two lots ﬂ’ﬁ ¥ wo
®
RAP material RAP material
8/22.4 0/8
RAP aggregates RAP aggregates
Table 3.5 Table 3.6

Fresh 50/70 binder | - Properties and characterization
described in Section 2

Rejuvenator _

Figure 3.1. Bituminous mixtures components.

All the tests on the fresh aggregates and RAP aggregates were performed
with respect to the European/Romanian Standards.
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The crushed aggregates (0-4 mm, 4-8 mm and 8-16 mm) have the same
origin from ’‘Morlaca’ quarry. According to the specification of the producer the
aggregate nature is dacite which is an intermediate composition between andesite
and rhyolite. The natural sand 0-4 mm comes from ‘Sambateni’ gravel pit and the
limestone filler from ‘Alesd’. In order to check their quality, for each sort of aggregates
some specific characteristics were determined. The results are reported in Tables 3.1

to 3.5.

Table 3.1. Crushed aggregates 0-4 mm characteristics.

Characteristics Results Standard procedures
Granularity sort, d/D 0/4
Granularity Ga 90 SR EN 933-1:2012
Purity-fine particles (63um), % f10
Assessment of fines - Methylene .

MB 2 SR EN 933-9+A1:2013

blue test, g/kg
Sand equivalent, % SE 50 SR EN 933-8:2015
Dry real density, kg/m3 2.63 .
Water absorption, % WA24 0.9 SR EN 1097-6:2013

Table 3.2. Crushed aggregates 4-8 mm and 8-16 mm characteristics.

Characteristics Sort 4-8 Sort 8-16 Standard
procedures
Granularity sort, d/D 4/8 8/16
Granularity Gc 90/10 | Gc90/10 | SR EN 933-1:2012
Purity-fine particles (63um), % f1.5 f0.5
Shape index, % SI 25 SI 20 SR EN 933-4:2008
Flakiness index, % FI 20 FI 20 SR EN 933-3:2012
Dry real density, kg/m3 2.65 2.65 .
Water absorption, % WA24 0.8 WA24 0.6 SR EN 1097-6:2013
Resistance to fragmentation - Los LA 15 LA 15 SR EN 1097-2:2010
Angeles coefficient
Resistance to wear - micro-Deval Mpe 10 Mpe 10 |SR EN 1097-1:2011
coefficient
Affinity between aggregate and SR EN 12697-
bitumen (fresh 50/70 binder), % Af 89 Af89.5 11:2012
Adhesivity between binder (fresh
50/70 binder) and aggregate - 85 85.8 SR 10969:2007
spectrophotometric method, %
Table 3.3. Natural sand 0-4 mm characteristics.
Characteristics Results Standard procedures
Granularity sort, d/D 0/4
Granularity Gk 85 SR EN 933-1:2012
Purity-fine particles (63um), % f3
Sand equivalent, % SE 88 SR EN 933-8:2015
Dry real density, kg/m3 2.55 )
Water absorption, % WAz 1.3 SR EN 1097-6:2013
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Table 3.4. Limestone filler characteristics.

Characteristics Results Standard procedure
Granularity, % passing through:
- sieve 2 mm 100.0
- sieve 0.125 mm 93.0 SR EN
- sieve 0.063 mm 77.2 13043:2003/AC:2004
Moisture content, % 0.9
Real specific gravity, kg/m?3 2.64

All the results obtained for each material are consistent with the Standard
specifications, therefore these materials can be used in the production of bituminous
mixtures.

The RAP material was obtained from a national road from Timis county,
Romania. It was classified and described by performing the tests required by SR EN
13108-8 [51], regarding the characteristics of the material before and after the binder
extraction as characteristics of the RAP aggregates and of the RAP binder. The RAP
material was divided into two lots: 0-8 mm and 8-22.4 mm.

It must be specified that the RAP material used for each mix has identical
proportion of 25% RAP 0-8 mm + 75% RAP 8-22.4 mm. Complete binder extraction
was performed in the Road Laboratory from University Politehnica Timisoara, by using
the ‘asphaltanalysor’ according to SR EN 12697-3 [53]. The binder content of this RAP
material mix, measured trough extraction and recovery is 4% (determined as the
average value over 30 measurements). After each extraction the gradation curve of
the RAP aggregates and the resistance to wear - micro-Deval coefficient were
determined. The average values are reported in Table 3.5.

Table 3.5. RAP aggregates characteristics.

Characteristics Results Standard procedure
Granularity, % passing through:
- sieve 22.4 mm 100.0
- sieve 16 mm 100.0
- sieve 8 mm 64.60 SR EN 933-1:2012
- sieve 4 mm 43.70
- sieve 2 mm 27.50
13.00

sieve 0.125 mm

- sieve 0.063 mm

Resistance to wear - micro-Deval
coefficient

7.50

Mpe 10 SR EN 1097-1:2011

A 50/70 pen. grade binder was used as fresh binder. A mixture of vegetal oils
was used as a rejuvenator. The characterisation of these two materials together with
the RAP extracted binder is described in Chapter 2. It is important to notice that the
same binders and blends as the ones tested in Chapter 2 are introduced in the tested
mixtures.
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3.3 Experimental plan

The experimental plan regarding the bituminous mixtures was divided in two
campaigns:

» first campaign, seven types of HMA, produced only with virgin materials,

were investigated to determine the optimal binder content of the mix
considered as the conventional mix. This content is used in the second
campaign.

» second campaign, twelve bituminous mixtures produced with different
amounts of RAP material with or without rejuvenator, all having the same
grading curve as the conventional HMA and the same binder content
without rejuvenator were tested in order to highlight the influence/effect
of the rejuvenator and RAP material on the thermomechanical properties
of the final bituminous mixtures.

The experimental plan is presented in Figure 3.2. More details regarding all
tested bituminous mixtures such as composition, samples production, etc. are given
in Section 3.4. The experimental procedures used in order to perform all tests are
described in Section 3.5.

3.3.1 First campaign

For the HMA produced only with virgin materials a series of tests according to
the Romanian Standards were performed to determine the optimal binder content.
Hydrostatic measurements, Marshall tests and indirect tension tests at 20°C were
performed to determine the volumetric characteristics, mechanical and
thermomechanical properties of all HMAs. Figure 3.2 shows the determined
parameters.

All seven HMAs tested in order to determine the optimal binder content were
named as follows (see Table 3.6):

» "HMA.” for Hot Mix Asphalt;

» fresh binder content: ”5.2”, ”5.4”, "5.6", ”5.7"”, "5.8”, "6.0", "6.2".

Table 3.6. Bituminous mixtures HMAs name and characteristics.

Bituminous mixtures Characteristics
HMA names

HMA.5.2
HMA.5.4 No RAP material.
HMA.5.6 No rejuvenator.
HMA.5.7 Same grading curve.
HMA.5.8 Different binder content
HMA.6.0 from 5.2% up to 6.2%.
HMA.6.2

More details regarding the mix design and analysis of the obtained results for
these HMAs are given in Section 3.6.

3.3.2 Second campaign

Twelve different bituminous mixtures were produced with different amounts
of RAP material with/without rejuvenator. Proportions of the base components were
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calculated to produce bituminous mixtures with a total binder content of 5.6%
rejuvenator not included, containing 25%, 50% and 75% RAP material and different
dosages of rejuvenator: 0%, 0.2%, 0.4% and 0.6% by mass of the RAP material. One
conventional HMA bituminous mixture produced with virgin materials was used as
reference.

All 13 bituminous mixtures have the following common characteristics:

» continuous 16 mm grading curve;

» 5.60% total binder content by weight of the final mix not including here

the rejuvenator;

» the RAP material used for each mix has the same proportion: 25% RAP 0-

8 mm + 75% RAP 8-22.4 mm. The binder content of this RAP material
mix, measured trough extraction and recovery is 4%.

Table 3.7 shows the 13 types of bituminous mixtures produced with RAP
material and with or without rejuvenator and their corresponding binder blends which
were tested in Chapter 2. It is important to notice that the same binders and blends
as the ones tested in Chapter 2 are introduced in the tested mixtures. However, it is
important to mention that the binder blends investigated in Chapter 2 were perfectly
blended in the laboratory. Even if the percentages between fresh, RAP binder and
rejuvenator are the same, some differences between these perfect blends (Chapter
2) and the blends from the mixtures can occur.

All 13 bituminous mixtures were named as follows:

> "D.” for dosage;

» RAP material amount in percentage: "0.”, "25.”, ”50.”, "75.”;

» "R.” for rejuvenator;

> rejuvenator amount by the mass of RAP material: “0”, "0.2", "0.4", "0.6".

Table 3.7. Bituminous mixtures and corresponding binder blends tested in Chapter 2.

Bituminous Corresponding binder
mixtures blends

D.0.R.O 50/70
D.25.R.0 50/70+25%RAP
D.25.R.0.2 50/70+25%RAP+5%Rej
D.25.R.0.4 50/70+25%RAP+10%Rej
D.25.R.0.6 50/70+25%RAP+15%Rej
D.50.R.0 50/70+50%RAP
D.50.R.0.2 50/70+50%RAP+5%Rej
D.50.R.0.4 50/70+50%RAP+10%Rej
D.50.R.0.6 50/70+50%RAP+15%Rej
D.75.R.0 50/70+75%RAP
D.75.R.0.2 50/70+75%RAP+5%Rej
D.75.R.0.4 50/70+75%RAP+10%Rej
D.75.R.0.6 50/70+75%RAP+15%Rej

As an example, the mixture produced with 75% RAP material and 0.4% of
rejuvenator by mass of the RAP material is called: D.75.R.0.4.

Hydrostatic measurements, Marshall tests, indirect tension tests on cylindrical
specimens at different temperatures, cyclic compression tests with confinement and
complex modulus tests: two-point bending test on trapezoidal specimens, were
performed on all mixtures from Table 3.7. The parameters that will be investigated in
the following sections are presented in Figure 3.2.
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Figure 3.2. Scheme of the two experimental campaigns for bituminous mixtures.
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3.4 Tested materials

3.4.1 Tested bituminous mixtures

As mentioned in the previous section, seven HMAs were produced and tested
in order to determine the optimal binder content. For this purpose, the same grading
curve was used with different binder content. The proportions by weight of the final
mix for the considered HMA'’s are reported in Table 3.6.

Figure 3.3 shows the grading curve used for the considered HMAs presented
in Table 3.8, together with the minimum and maximum limitations specified in the
Romanian Standards for a bituminous mixture with a 16 mm maximum aggregate
size.

Table 3.8. Proportions by weight of the final mix for the considered HMAs (Campaign
1).

Mix Proportions by weight of the final mix, %
design C'F;'68' C.R.4-8 C.R.0-4 N.S.0-4 Filler Bitumen
HMA.5.2 | 23.70 20.86 40.76 2.84 6.64 5.20
HMA.5.4 | 23.65 20.81 40.68 2.84 6.62 5.40
HMA.5.6 | 23.60 20.77 40.59 2.83 6.61 5.60
HMA.5.7 | 23.58 20.75 40.55 2.83 6.60 5.70
HMA.5.8 | 23.55 20.72 40.51 2.83 6.59 5.80
HMA.6.0 | 23.50 20.68 40.42 2.82 6.58 6.00
HMA.6.2 | 23.45 20.64 40.33 2.81 6.57 6.20

*C.R. - crushed aggregates
*N.S. - natural sand
100

—e— Proposed
— — = AND 605 - min
— — = AND 605 - max

@
o

Percent passing by
weight (%)
o))
o

0.01 0.1 1 10 100
Sieve size (mm)

Figure 3.3. Grading curve used for the bituminous mixtures presented in Table 3.8
(Campaign 1).

The conventional HMA bituminous mixture HMA.5.6 was found to be optimal
mix, details are given in Section 3.6. This bituminous mixture was then used as the
reference one and named D.0.R.0. On this basis, twelve different bituminous mixtures
were produced with a total binder content of 5.6%, not considering the rejuvenator
and containing 25%, 50% and 75% RAP material and different dosages of
rejuvenator: 0%, 0.2%, 0.4% and 0.6% by mass of the RAP material.

A similar grading curve, as the one presented in Figure 3.3, was used for the
considered bituminous mixtures, considered in Table 3.9 and Table 3.10 (Campaign
2), together with the minimum and maximum limitations specified in the Romanian
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Standards [14]. As example, Figure 3.4 shows the grading curves used for the
mixtures D.25.R.0, D.50.R.0 and D.75.R.0 form Campaign 2. It can be observed that
some small differences between the grading curves used for the three mixtures
produced with RAP material and the one used for the conventional mix, were obtained.

It must be mentioned that for the bituminous mixtures produced with 75%
RAP material and different percentages of rejuvenator (Table 3.10) in order to
reproduce the same continuous 16 mm grading curve as for the other bituminous
mixtures, the crushed aggregates 0-4 mm was sieved and separate fractions (0.125,
2 and respectively 4 mm) were used.
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Figure 3.4. Grading curves used for the bituminous mixtures: (a) D.25.R.0; (b)
D.50.R.0; (c) D.75.R.0.
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Table 3.9. Proportions in percent (%) of base materials within the bituminous mixtures produced only with virgin materials,
25% RAP material and 50% RAP with/without rejuvenator (Campaign 2).

Proportions in percent (%)
Bituminous Crushed aggregates RAP material
mixtures Natural =\ gy Agg. Agg. RAP Fresh Rej.
8-16 4-8 0-4 sand 0-4 from from RAP binder binder
RAP 8-22.4 0-8

D.0.R.0 23.60 20.77 40.59 2.83 6.61 - - - 5.60 -
D.25.R.0 16.10 12.94 35.87 0.87 4.62 18.00 6.00 1.00 4.60 -
D.25.R.0.2 16.09 12.93 35.85 0.87 4.62 17.99 6.00 1.00 4.60 0.05
D.25.R.0.4 16.08 12.93 35.83 0.87 4.62 17.98 5.99 1.00 4.60 0.10
D.25.R.0.6 16.07 12.92 35.82 0.87 4.61 17.97 5.99 1.00 4.60 0.15
D.50.R.0 8.02 7.98 28.13 - 2.27 36.00 12.00 2.00 3.60 -
D.50.R.0.2 8.02 7.97 28.10 - 2.26 35.95 12.00 2.00 3.60 0.10
D.50.R.0.4 8.01 7.96 28.08 - 2.26 35.92 11.97 2.00 3.60 0.20
D.50.R.0.6 8.00 7.96 28.05 - 2.26 35.88 11.95 2.00 3.60 0.30

Table 3.10. Proportions in percent (%) of base materials within the bituminous mixtures produced with 75% RAP material
with/without rejuvenator (Campaign 2).

Proportions in percent (%)
Bituminous Crushed aggregates Natural RAP material
- 0-4 . Agg. Agg. Fresh .
mixtures sand Filler RAP . Rej.
8-16 4-8 fr. 0.125 fr. 2 fr 4 0-4 from from RAP binder binder
ro. r- r RAP 8-22.4 0-8
D.75.R.0 - - 13.21 3.78 4.94 - 0.47 54.00 18.00 3.00 2.60 -
D.75.R.0.2 - - 13.20 3.77 4.93 - 0.47 53.92 17.97 3.00 2.60 0.15
D.75.R.0.4 - - 13.18 3.76 4.91 - 0.47 53.84 17.94 3.00 2.60 0.30
D.75.R.0.6 - - 13.16 3.75 4.90 - 0.47 53.76 17.91 3.00 2.60 0.45




3.4 Tested materials 173

3.4.2 Production of bituminous mixture specimens

The mixing temperature used in order to produce all bituminous mixtures was
chosen with respect to the European and Romanian Standard SR EN 12697-35 [187]
and AND 605 [14] for bituminous mixtures realized with RAP material and fresh
crushed aggregates with a 16 mm maximum aggregate size. Therefore, the mixing
temperature was 160+10°C.

All materials were preheated/conditioned as follows:

- the fresh aggregates of crushed aggregates, natural sand and filler were

preheated at 160£10°C for 12 hours;

— the fresh binder was preheated at 160+10°C for 4 hours;

— the RAP material was preheated at a 165+10°C for 2 hours;

— the rejuvenator was not preheated.

The mixing process was performed by using a heated mechanical mixer
(Figure 3.5). First the fresh aggregates were inserted into the mixer, then RAP
material, fresh binder and rejuvenator. The mixing time was equal to 5 min. A total
of 30 kg of bituminous mixture was produced per each mix process.

Figure 3.5. Matest mixer - University Politehnica Timisoara.

Three types of compaction were performed, as follows:

— Marshall impact compaction - cylindrical specimens compacted at 50
blows/part - SR EN 12697-30 [188]. The Marshall impact compactor which
was used is shown in Figure 3.6a;

— gyratory compaction - cylindrical specimens compacted at 80 gyrations -
SR EN 12697-31 [189]. The gyratory press which was used is shown in
Figure 3.6b;

— slabs produced according to SR EN 12697-33 [190] by using a steel roller
compactor show in Figure 3.6c.

A total of 69 Marshall cylindrical specimens, 82 cylindrical gyratory specimens
and 13 slabs were produced. All bituminous mixtures and all specimens were
produced in the Road Laboratory from University Politehnica Timisoara. Table 3.11
presents the number of specimens produced for each type of compaction per each
type of bituminous mixture.

All slabs, regardless of the bituminous mixture type, were compacted by using
the same level of compaction by 39 passes. The levels of compaction per each group
of passes are shown in Table 3.12.
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Trapezoidal specimens for complex modulus two-point bending test were cut
from slabs. Four specimens were cut per each slab. The coring plan for one slab is
presented in Figure 3.7.

A selection between the trapezoidal specimens was performed according to
void content, the dimensions of specimens. Therefore, a lot of two specimens which
meet the accuracy of £1 mm for each dimension and which has the average void
content as similar as possible, were selected for the complex modulus two-point
bending test.

("W’l‘ 1

(a) (b) (©)

Figure 3.6. (a) Matest Marshall impact compactor; (b) Matest gyratory compactor;
(c) Roller compactor - Road Laboratory, University Politehnica Timisoara.

305 mm
250

20 56 25, 56 25, 56 25, 56 50

400 mm

T

Figure 3.7. Coring plan of slabs followed at the Road Laboratory - University
Politehnica Timisoara.
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Table 3.11.

compaction type in Campaign 1 and Campaign 2.

Specimens produced and tested/each bituminous mixture/each

Bituminous
mixtures

Marshall
cylindrical
specimens

Cylindrical
specimens
gyratory
compaction

Slabs

Campaign 1

HMA.5.2
HMA.5.4
HMA.5.6
HMA.5.7
HMA.5.8
HMA.6.0
HMA.6.2

3

Campaign 2

D.0.R.0
D.25.R.0
D.25.R.0.2
D.25.R.0.4
D.25.R.0.6
D.50.R.0
D.50.R.0.2
D.50.R.0.4
D.50.R.0.6
D.75.R.0
D.75.R.0.2
D.75.R.0.4
D.75.R.0.6
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Table 3.12. Slabs compaction specifications (slabs prepared by roller compactor) -

Campaign 2.

Passes

Compaction load, kN

O 00 0o hA~N

0.5
1.0
2.0
3.0
7.0
11.0

3.5 Experimental procedures

3.5.1 Bulk density and water absorption. Determination of void

content. Hydrostatic method

For all bituminous mixture specimens, regardless of the compaction type, the
bulk density, water absorption and void content were determined by using the
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hydrostatic method according to the Romanian/European Standards SR EN 12697-6
[191] bulk density, AND 605-Annex B [14] water absorption and SR EN 12697-8 [192]
voids content. On the other side, for each type of bituminous mixture the maximum
density was determined by using the hydrostatic method, according to SR EN 12697-
5 [193].

In order to perform all the above determinations, the following apparatus
were used: callipers 0.1 mm, in order to determine the dimensions of specimens
according to SR EN 12697-29 [194], balance with an accuracy of 0.01 g, water-bath,
thermometer, vacuum system, ventilated oven and other auxiliary tools.

The procedure used to determine the bulk density of all specimens was the
so-called SSD procedure (saturated surface dry), which is described in Figure 3.7.

As presented in Figure 3.8 - step 2, the density of the water ( p,, in kg/m3)

was calculated at the test temperature t in °C. According to SR EN 12697-8 [192],
equation 3.1 was considered.

(3.1)

0, =1.00025205 +
v 10°

7.59><t‘—5.32><t2J

where:
t - temperature of the water, in °C;
pyw — water density, in kg/m?3.

After determining by weighing the mass of the dry specimen, in g, M, the
mass of the saturated specimen in water, in g, m;, and the mass of the saturated

surface-dried specimen in air, in g, m,, the SSD bulk density (pspec,-men) of the

specimen was calculated by using equation 3.2.

Pspecimen = 7,.”2 “my X Pw (3.2)

where:
Pspecimen — SSD bulk density of the specimen, in kg/m?;

M - mass of the dry specimen, in g;

my - mass of the specimen after 1 h maintained in water, measured in air, in g;
my - mass of the specimen after 1 h maintained in water, measured in water, in g;
py — water density (determined by using equation 3.1).

Specimens production
Cylindrical specimens:
- Marshall specimens: 50 blows/part (SR EN 12697-30);
- gyratory press specimens: 80 gyrations (SR EN 12697-31).
Trapezoidal specimens: cored from slabs. The same level of
compaction was used SR EN 12697-33.

) 2

After compaction
Rest period 4 days at ambient temperature. For trapezoidal
specimens more details given in Section 3.4.2.
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$
STEP 1

Measure the dimensions of the specimen (£0.10 mm) and
determine the mass of the dry specimen M in g value nearest

0.1g.
STEP 2
Measure the temperature of the water from the water-bath (t

in °C) and determine the density of it p, in kg/m3 (nearest
0.0001 kg/m?3) according to equation 3.1.

L 2
STEP 3

Immerse the specimen in the water-bath and let the water to
saturate the specimen for 1 h.

STEP 4

Determine the mass of the saturated specimen when
immersed (in water) my in g (nearest 0.1 g).

STEP 5

Remove the specimen from the water and wipe the surface of the
specimen. Immediately, determine the mass of the saturated,
surface wiped specimen in air m, in g (nearest 0.1 g).

STEP 6

Calculate the bulk density SSD for each specimen, Pspecimen in

kg/m3 (nearest 0.001 kg/m3) according to equation 3.2. For
each type of bit. mixture and same type of compaction calculate
the mean value pg pit.mix.

Figure 3.8. Procedure used in order determine the bulk SSD density.

The procedure followed in order to determine the water absorption for each
specimen consist in continuing the procedure used for bulk density and described in
Figure 3.7 with the steps presented in Figure 3.9.

A mean value of the SSD bulk density (papit.mix.) Was calculated as the
average value of all pspecimen Values obtained for all the specimens produced for
each type of bituminous mixture and by using the same type of compaction.

In order to calculate the initial (V4) and the final (V) volume of the specimen,

kept in water equations 3.3 and 3.4 were used. The density of the water from the
exicator ( p,1 in kg/m3) was calculated by using equation 3.1.
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vy =12 =M (3.3)
Pw

Vs = m3 — Mg (3.4)
Pwi

where:

V; - initial volume of the specimen after 1 h keeping in water, in cm3;

my - mass of the specimen after 1 h keeping in water, measured in air, in g;

my - mass of the specimen after 1 h keeping in water, measured in water, in g;

py — water density determined by using equation 3.1;

V5, - final volume of the specimen after 3 h keeping in water + vacuum and 2 h in

water at atmospheric pressure, in cm3;
m3 - mass of the specimen after 3 h keeping in water + vacuum and 2 h in water at

atmospheric pressure, in air, in g;
my - mass of the specimen after 3 h keeping in water + vacuum and 2 h in water at
atmospheric pressure, in water, in g;
py1 — Water density determined by using equation 3.1.
In order to determine the water absorption (AVSpeC,-men in %vol.) reported

to the volume of the specimen equations 3.5 and 3.6 were considered, depending on
the difference between the two volumes (V4 and ).

mz —M)/p,
If Vi > V5 - Ay specimen= W x 100 (3.5)
w

{(m3 = M) =[(m5 —mg) - (my —my) ]} /o1 .

100 3.6
(1) o (3:6)

IfVo >V - Av specimen=

A mean value of the water absorption (AVmean) was calculated as the

average value of all Ay gpecimen Values obtained for all the specimens produced for

each type of bituminous mixture and by using the same type of compaction.

STEP 1
Follow the procedure presented in Figure 3.7 and calculate the
volume of the specimen, V4 in cm3.

STEP 2

The specimens are introduced in a vacuum exicator which is fill
with water. Measure the temperature of the water (t; in °C)

and determine the density of it g, in kg/m3.

4
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STEP 3
Close the exicator and produce a vacuum of 20 mmHg. Maintain

the vacuum for 3 h.

STEP 4

Open the exicator and let the specimens in water at atmospheric
pressure for 2 h.

STEP 5

Measure the mass of the specimen in air m3 and the mass of the

specimen in water my4 (nearest 0.1 g). Calculate the volume of the
specimen, V5 in cm?3.

STEP 6
Calculate the water absorption reported to the volume of the
specimen, Ay specimen N %vol. If V4 >V, equation 3.5 considered

and if V5, >V, equation 3.6 was used in order to calculate
Ay specimen - For each type o bit. mixture and same type of

compaction calculate the mean value (average value) Ay pit.mix.

Figure 3.9. Procedure used in order determine the water absorption.

The procedure used to determine the maximum density of each type of
bituminous mixture is described in Figure 3.10.

In order to determine the maximum density (Pmax.bit.mix.) of each

bituminous mixture, equations 3.7 was considered.

M pr—my (3.7)

Pmax.bit.mix. = (mygr —myp) = (myp, —myp) X Py

where:
Pmax.bit.mix. — Maximum density of the bituminous mixture determined by hydrostatic

method, in kg/m3;

m; - mass in air of the glass container, in g;

mp; — mass under water of the glass container, in g;

myr — mass in air of the glass container + bit. mix. specimen, in g;

mpy, — mass under water of the glass container + bit. mix. specimen, in g;

py — Water density at the test temperature 25°C (determined by using equation 3.1).
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STEP 1

Obtain an uncompacted specimen (~2 kg) produced separately
considering the dosages chosen for each type of bit. mixtures and
dissociate the specimen in order to avoid the agglomeration of particles

(< 6 mm).
STEP 2
Determine the mass of a glass container which will be used in the
determination empty in air (m;) and under water (mj;). Measure the

temperature of the water (¢ in °C) and determine the density of it p,,
in kg/m?3 according to equation 3.1.

2
STEP 3

Introduce the bit. mix. specimen into the glass container and determine
the mass in air of this ensemble my;; .

STEP 4

Fill the container with distilled water and evacuate the air by agitation
and vibration. Apply a vacuum of 4 kPa for 15 min and vibrate the

ensemble.
STEP 5
Introduce the ensemble in a water-bath. The level of the water from

the water-bath must be under 20 mm below the upper edge of the
container at a constant temperature (25°C) for 45 min.

¥
STEP 6

Determine the mass of the ensemble container + specimen + water
under water (at 25°C), my, in g.

$
STEP 7

Calculate the maximum density for each type of bit. mix., pmax pit.mix.

in kg/m3 nearest 0.001 kg/m?3 according to equation 3.7.

Figure 3.10. Procedure used in order determine the maximum density.

For each specimen the percent of the air voids (VMspeC,-men) was calculated

with 0.1% (v/v) accuracy by using equation 3.8. A mean value of the air voids
(VMmean) was calculated as the average value of all Vy, values obtained for all the
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specimens produced for each type of bituminous mixture and by using the same type
of compaction.

Pmax.bit.mix. ~ Pspecimen
VMspecimen = FR— =100 (3.8)

where:
VMspecimen — air voids content in the specimen, in % (v/v);
Pmax.bit.mix. — maximum density of the bituminous mixture determined by

hydrostatic method, in kg/m3, determined with equation 3.7;
Pspecimen ~ SSD bulk density of specimen, in kg/m3, determined with equation 3.2.

Based on the previous determinations, the percent of the void in mixed
aggregates (VMASpeC,-men) and the percent of the voids filled with bitumen
(VFBSpeC,-men) can be calculated with 0.1% (v/v) accuracy by using equations 3.9

and 3.10.
The mean values of the percent of the void in mixed aggregates (VMA,ean)

and of the percent of the voids filled with bitumen (VFB,q;,) were calculated as the
average values of all VMAgpecimen a@nd VFBgpecimen Values obtained for all the

specimens produced for each type of bituminous mixture and by using the same type
of compaction.

Pspecimen <100

VMAspecimen = YMspecimen + b x b (3.9)
b x pspecimen/Pb

VFBspecimen = VM:specime{’l x100 (3.10)

where:

VMAspecimen - percent of voids in mixed aggregates in the specimen, in 0.1% (v/v);
VFBspecimen - percent of voids filled with bitumen in the specimen, in 0.1% (v/v);
VMspecimen — air voids content in the specimen, in 0.1% (v/v);

b - percent of the binder from the specimen (100% bit. mixture), in 0.1% (v/v);
Pspecimen — SSD bulk density of specimen, in kg/m?, determined with equation 3.2.

pp - binder density at 25°C determined by using equation 2.2 - Section 2.3.1.6.

3.5.2 Marshall test

Marshall tests were performed according to SR EN 12697-34 [195] by using
a load-deformation recorder (console) with a load cell and LVDT transducers.
The Marshall characteristics of a cylindrical specimen are related to its stability

(S) and flow (F) which is a measure of deformation of the specimen during the test.
Usually, Marshall stability represents the peak resistance load obtained during a
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constant rate (50 mm/min) of deformation loading sequence (ASTM D6927-15 [196]).
However, when the failure of the specimen is nor clearly observed, the peak stability
can be considered as the point on the curve which is shifted six flow points (1.5 mm)
to the right part of the curve, as shown in Figure 3.11.

Stability, kN

displacement of the
tangent 1.5 mm

Deformation, mm

Figure 3.11. Marshall stability and flow determination.

The main characteristics of the Marshall press together with its illustration,
are shown in Figure 3.12. The procedure followed in order to determine the Marshall
characteristics for each type of bituminous mixtures is described in Figure 3.13.

The mean values of the Marshall stability (Sp,e5,), Marshall flow (Fpean).
Marshall tangential flow (thean) and the ratio between them (S,0an/Fmean) Were

calculated as the average value of all S,F,Ff and S/F values obtained for all the

specimens produced for each type of bituminous mixture and by using the same type
of compaction.

Technical data
- Electric cell 50Kn
- Displacement transducer 50 mm
- 8 channels digital display unit
- Displays at the same time the stability
in kN and the flow in mm
- Auxiliar equipment: Digital Water
bath, with cooling device, temperature
range: +3 to +95°C, accuracy + 1°C

C)) (b)

Figure 3.12. (a) Main characteristics of the Marshall press; (b) Matest Marshall press
- Road Laboratory, University Politehnica Timisoara.
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Step 1: Specimens production
3 cylindrical specimens of 100 mm diameter (Marshall compaction)
/each bit. mix: 50 blows/side (EN 12697-30).

$

Step 2: After compaction
Rest period 48h at ambient temperature.

¥

Step 3: Intermediate tests

= dimensions of each speC|men

= SSD bulk density

= water absorption 2/ hydrostatic measurements
= void content V Vi X FB

Step 4: After intermediate tests
Rest period 14 days at ambient temperature 20°C+2.5°C.

Step 5: Conditioning

1. All specimens were conditioned in water for 45 min at 60°C in a
water-bath.

2. Heat the head of the press for 1 h at 60°C in oven before test.

Step 6: Test

= the chosen speed rate: 50 mm/min;

= test type: flow - displacement of the tangent to 1.5 mm;

» introduce the specimen in the console of the press in order to do
its correction. 63.5 mm is the standard thickness;

= pull out the specimen from the water-bath, wipe the surface of the
specimen and place the specimen in the head of the press;

= start the press and register the Marshall characteristics.

¥

Step 7: Output
= Marshall stability -S, kN

= Marshall flow -F , mm
= Marshall tangential flow - fz, mm

= Ratio stability/flow - S/F, kN/mm

Figure 3.13. Procedure used in order performed the Marshall test.
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3.5.3 Indirect tension test on cylindrical specimen (IT-CY)

Indirect tension tests were performed according to SR EN 12697-26 [197],
with some differences regarding the test temperature, etc.

The equipment used in order to perform this test is shown in Figure 3.14,
including the instrumentation: thermal chamber, auxiliary instruments, etc. More
details are given in the description of the procedure and Figure 3.15.

L =
Pneumatic load
device

. (b

Figure 3.14. (a) Test equipment; (b) Cooper Research Technology CRT-UTM-NU
testing machine - Road Laboratory, University Politehnica Timisoara.

The procedure followed in order to determine the stiffness modulus (Sy , in

MPa) for each type of bituminous mixtures is the following: two cylindrical specimens
100 mm diameter produced with the gyratory press at 80 gyrations/each type of bit.
mix. is described in Figure 3.15.

Based on the measurements (vertical load, horizontal deformation, load-area
factor, etc.) from the 5 impulses of the test/each side of the specimen, a measured

stiffness modulus (SM,-) for each impulse can be calculated by using equation 3.11.

The impulse repetition time is 3 s. Therefore, two mean values of the measured
stiffness modulus/each side of the specimen, i.e. initial position and rotated at 90°

around its axis, are obtained (SMA, SMB) by using equation 3.12. If the difference

between Sy 4 and Sy g is out of +10% or -20% from their mean value, the test

must be rejected, and the test should be done on another specimen. Otherwise, the
mean values between Sy 4 and Sy g will be reported as the measured stiffness

modulus of the specimen (Sp), according to equation 3.13.

B Fx(v+0.27)

Smi=——ap (3.11)

where:
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Sy — measured stiffness modulus value corresponding to impulse i, in MPa;

F - maximum value of the applied vertical load, in N;

v - Poisson coefficient;

d - amplitude of the horizontal deformation determined for the impulse i, in mm;
h - the thickness of the cylindrical specimen, in mm.

According to SR EN 12697-26 [197], if the Poisson coefficient was not
determined, a value of 0.35 can be considered for all test temperatures.

Sm1a/B +SM24/B +SM3A/B +SMaa/B + SM5A/B
SMA/B = / / 5 / / / (3.12)

where:
Sm a/B — the mean values of the measured stiffness modulus/each side A and B of

the specimen (initial position and rotated at 90° around its axis), in MPa;
Smi1..54/8 — the measured stiffness modulus value corresponding to impulse

1...5/each side A and B of the specimen, in MPa.

_SMA*SMB

Sm >

(3.13)

where:
Sy - the measured stiffness modulus of the specimen, in MPa;

Sy a/g - the mean values of the measured stiffness modulus/each side A and B of

the specimen (initial position and specimen rotated at 90° around its axis), in MPa.
Therefore, the measured stiffness modulus must be adapted to the load-area
factor with 0.60, by using equation 3.14.

Sadjusted = Sm x[1-0.322x (log Spy —1.82) x (0.60 - K) | (3.14)
where:
Sadjusted — the adjusted stiffness modulus of the tested specimen, adapted to the

load-area factor with 0.60, in MPa;
Sy - the measured stiffness modulus of the tested specimen corresponding to the

k load-area factor, in MPa;
k - the measured load-area factor.

Step 1: Specimens production
2 cylindrical specimens (gyratory compaction)/each
bit. mix: 80 gyrations (with respect to EN 12697-31).

L 4

Step 2: After compaction
Rest period 48h at ambient temperature.

) 4
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Step 3: Intermediate tests

= dimensions of each specimen

= SSD bulk density (p) hydrostatic

= water absorption (A L measurements
= void content (V, Vi X, FB)

) 2

Step 4: After intermediate tests

20°C=+2.5°C.

Rest period 14 days at ambient temperature

2 2

All  samples were conditioned

Step 5: Cylindrical specimens conditioning

temperature: 10°C; 15°C; 20°C; 25°C for 4h.

at each test

2 2

Step 6: IT-CY test (stiffness modulus)
= all specimens were tested at each test

temperature
= specimen fitting according to SR EN 12697-
26 =
= measurements on 2 sides of the specimen
(rotating on its axis 90°)

Conditioning

Rest period of 72h at
ambient temperature after
all samples were tested at
each temperature.

= 10 conditioning pulses/side
= 5 pulses/each side. The impulse repetition

time is 3 s.

Output

= Calculate the adjusted stiffness modulus S,

®= Calculate the measured stiffness modulus results Sy, (equation

3.11) for all bit. mix. at the each considered test temperatures.

all bit. mix. at the each considered test temperatures.

(equation 3.12) for

Figure 3.15. Procedure used in order performed IT-CY test (stiffness modulus).

3.5.4 Cyclic compression test with confinement

The cyclic compression with confinement tests were performed according to
SR EN 12697-25 [198] - Method B in order to determine the resistance to permanent
deformation at a constant temperature of a cylindrical specimen prepared in the

laboratory subjected to a triaxial cyclic compression
gyrations.

load i.e. gyratory press at 80
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The equipment used in order to perform the triaxial cyclic compression test is
shown in Figure 3.16, including the testing system thermal chamber, auxiliary
instruments, etc.

During the test, the specimen conditioned at the test temperature 50°C for 4
h is placed between two plan parallel loading platens and subjected to a cyclic axial
block-pulse pressure 0,5 (t) with the height o, superposed with a static confining

pressure Oconfining » €quation 3.15. More details regarding the test conditions are
given in Figure 3.17.

Oaxial(t) = 04 () + Oconfining (3.15)
where:

Oaxial(t) — the cyclic axial pressure as a function of time which is equal to o, during
the pulse duration (7p) and is equal to Ocopfinjng during the rest period (Tz), in kPa;

05 - the height of the block pulse, in kPa;
Oconfining ~ the confining pressure, in kPa.

i, e .
TR DT mounting N Xl o
b frame | { .

t
; Actuator for
=/ dynamic pressure

(a) | (b)

Figure 3.16. (a) Test equipment; (b) Cooper Research Technology CRT-UTM-NU
testing machine - Road Laboratory, University Politehnica Timisoara.

T 6,= 300 kPa
P R
Gconfining= 50 kPa
téo TP= 1 S
E bm TR =1s
°l
f Tt

Figure 3.17. Test conditions - block-pressure cyclic loading.
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The procedure followed in order to determine the resistance to permanent
deformation is by applying 10000 impulses for each type of bituminous mixtures on
two cylindrical specimens of 100 mm in diameter produced with the gyratory press at
80 gyrations/each type of bit. mix. and shown in Figure 3.18.

Step 1: Specimens production
2 cylindrical specimens by gyratory compaction/each bit. mix: 80 gyrations
(according to EN 12697-31).

Step 2: After compaction
Rest period 48h at ambient temperature.

) 4

Step 3: Intermediate tests

= dimensions of each specimen

* SSD bulk density ig) } hydrostatic

= water absorption }/

= void content (V, Vi )(, FB) MEEEUTEMENES

¥

Step 4: After intermediate tests
Rest period 14 days at ambient temperature 20°C+2.5°C.

2 2

Step 5: Cylindrical specimens conditioning
All samples were conditioned at the test temperature 50°C for 4h.

¥

Step 6: Cyclic compression test

= all specimens were tested at 50°C

= specimen fitting according to SR EN 12697-25-Method B

= preloading - 60 conditioning pulses, conditioning time 120 s

= apply the confining stress 50 kPa and start the test

= measurements of the deformation of the specimen (LVDT transducers) and
of all pressures, temperature, etc. at each 2 cycles

= end of the test after 10000 cycles or when the specimen failed

Output
* the final deformation at 10000 impulses (hygggg, in um/m).

* the cumulative axial stain at 10000 impulses (£190gg, in %) equation 3.16.
= creep rate f., in um/mjloading cycle - equation 3.17.
® £1000,calc @1d B which are used to characterize the resistance to

permanent deformation of the test specimen - equation 3.19.

Figure 3.18. Procedure - cyclic compression test with confinement.
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Figure 3.19 shows an example of a creep curve in order to define the three
stages of the behaviour. It should be mentioned that the third stage was absent during
the tests performed in this work.

Inflection point

Creep rate fc

Cumulative axial strain

Stage 3

Nl.llmber of cycles

where:

Stage 1 - the initial part of the curve where the increase of the cycles corresponds to
a decrease of the slope of the creep curve;

Stage 2 - creep curve with quasi-constant slope (creep rate f.);

Stage 3 - increase of cycles corresponds to an increase of the slope of the creep
curve.
Figure 3.19. Creep curve - stages.

In order to determine the outputs mentioned in Figure 3.17, the following
equations were considered.

€10000 = Po =Mo000 7710000 %100 (3.16)

where:
£10000 — cumulative axial strain of the test specimen after 10000 impulses, in %;
hg - the mean deformation - position of the upper plate measured by the two LVDTs
of the specimen, after the preload by 60 conditioning impulses, in mm;
h10ooo — the mean deformation - position of the upper plate measured by the two
LVDTs of the specimen, after 10000 loading cycles, in mm;
h - the initial thickness of the specimen, in mm.

To determine the creep rate f. the slope B; from the least square linear fit
of the quasi-linear part of the creep curve was determined (equations 3.17 and 3.18).

f. = By x10% (3.17)
En=A+B-n (3.18)
where:

&, - the cumulative axial strain of the test specimen after n impulses, in %;
f. - creep rate, in um/myloading cycle ;

n — number of the impulses (loading cycles);
A, B; — regression constants.
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To determine the two parameters &19gg,caic @d B that are used to

characterize the resistance to permanent deformation of a bituminous mixture
specimen, the least square power fit of the quasi-linear part of the creep curve were
calculated.

£1000,calc = A* 10008 + C (3.19)

where:
£€1000,calc — Cumulative axial strain of the test specimen after 1000 impulses, in %;

A - regression constant;
B - slope from the least square linear fit on the /0g (€100, calc — C) vs. log (n) values;

C - factor to correct deformation at the beginning of the loading.

3.5.5 Complex modulus test - Two-point bending test on trapezoidal
specimens

Complex modulus tests in two-point bending configuration were performed
on trapezoidal specimens according to SR EN 12697-26 [197] - Annex A
specifications.

In the two-point bending test a trapezoidal specimen obtained as shown in
Section 3.4.2, is fixed on the base extremity and on the other one a cyclic sinusoidal
displacement (centred at zero) is imposed. All tests were performed in strain control.
Figure 3.20 shows the test device used at the Road Laboratory-University Politehnica
Timisoara.

For each trapezoidal specimen the void contents were determined by
performing hydrostatic measurements. All specimens whose dimensions do not meet
the accuracy of £1 mm over the dimensions specified in the Standard for a bituminous
mixture with a 16 mm maximum aggregate size, shown in Figure 3.21a, were
rejected. The dimensions of all specimens were measured with the system shown in
Figure 3.21b. Two specimens for each type of bituminous mixture were glued by using
the system shown in Figure 3.21c.

The complex modulus test was performed at seven different temperatures
from -5°C to 25°C at a frequency range from 0.5 Hz to 20 Hz, in order to determine
the viscoelastic properties of all tested materials. Tests were performed in strain
control with the imposed strain loading amplitude of 50 pum/m. Figure 3.22 shows the
procedure which was followed in this study.

A conditioning time of 2 h at each change of temperature, where no loading
is applied on the specimens, was considered in order to assure a homogenous
temperature in the interior of specimens.

At each frequency level applied on the specimen a cyclic sinusoidal
displacement is imposed for a predefined time (120 s), the data obtained over the
last 10 seconds is acquired and the mean of these values are recoded and reported
at the end of the test. After each frequency a rest period of 5 minutes was considered.

Moreover, after performing the test at each temperature over the hole
considered frequency range, the first frequency test 0.5 Hz was again considered in
order to verify if the specimen was damaged or not during the test. If the differences
between the first and the last measurements at 0.5 Hz at the same temperature is
higher than 3%, the specimen is considered damaged, and the test cannot continue
at other temperatures.
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Eccentric |8
system 8 Proximity transducer

Technical data Force 3
Thermal chamber: -20...+30°C S
Frequency range: 0.10...30 Hz .
Two LVDT’s: £1 mm range
Two force transducers: max. 2.5 kN

(a) | (b)

Figure 3.20. (a) Main characteristics of the equipment; (b) Cooper Research
Technology CRT-2PT testing machine - Road Laboratory, University Politehnica
Timisoara.

b,
(S ——a/
25+ If,ﬂrﬁ

250+1mm

H=

el L
(a) ’ (b) | (9

Figure 3.21. (a) Trapezoidal specimen size; (b) Specimen measuring system; (c)
Equipment - gluing the upper and lower plates on in the specimen.
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Figure 3.22. Procedure for complex modulus test.

At each temperature and each frequency, the maximum applied force F, the
displacement z and the phase angle ¢ were directly measured and the real part,

respectively, the imaginary part of the complex modulus are obtained using the
following equations specified in the norm:

E*|= 4/512 +E3 (3.20)
E =y 5cos<p+”“)62 (3.21)
z 10
F .
Ey = y;sm<p (3.22)
w = 2xf (3.23)
3
oL PR AT ) (3.24)
e(B—b) 2B)B 2 B
#=0.135M+m (3.25)

where:
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‘E*‘ - the norm of complex modulus, in MPa;

E; - the real part of complex modulus, in MPa;
E, - the imaginary part of complex modulus, in MPa;
@ - the phase angle of complex modulus, in °;

F - maximum applied force, in N;
z - the displacement, in mm;
y - a form factor depending on the form of the specimen and its dimensions;

M — a mass factor, considering inertial effects of movable parts;

w - angular frequency, rad/s;

f - frequency, in Hz;

H - the height of the trapezoidal specimen (Figure 3.20 a), in mm;

e - the thickness of the trapezoidal specimen (Figure 3.20 a), in mm;

B - the length of greater base of the trapezoidal specimen (Figure 3.20 a), in mm;
b - the length of smaller base of the trapezoidal specimen (Figure 3.20 a), in mm;

M - the mass of the trapezoidal specimen, in g;
m - the mass of the movable parts, in g.

3.6 HMA mix design: Campaign 1

3.6.1 Determination of the optimal binder content - HMA’s without
RAP material - Marshall mix design

In order to determine the optimal binder content seven HMA’s were produced
having the same grading curve and different binder content starting from 5.2% up to
6.2%. The optimal binder content was established based on the experimental results
obtained for the above-mentioned bituminous mixtures compared to the limitations
regarding the water absorption, void content, Marshall stability, flow and stiffness
specified in the Romanian Standard AND 605 [14] for a bituminous mixture produced
with virgin materials with 16 mm maximum aggregate size.

After establishing the optimal binder content, three grading curves for the mix
design were considered. More details were given in Section 3.4.2. The same tests as
for the above-mentioned seven bituminous mixtures were performed. A detailed
procedure is showed in Figure 3.23.
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Propose 7 types of HMA's mix design the same grading curve
with 7 percentages of binder: HMA.5.2, HMA.5.4 ... HMA.6.2
(Table 3.6)

STEP 1 ‘

Specimens production

e 3 cylindrical specimens (Marshall)/each bit. mix.: impact
compaction 50 blows/part (with respect to EN 12697-30)

¢ 3 cylindrical specimens (giratory compaction)/each bit. mix:
80 girations (with respect to EN 12697-31)

e5 kg of each bituminous mixture (devided into two
specimens in order to determine the maximum density)

STEP 2 ‘ ‘ ‘

Marshall specimens — Gyratory specimens — Determination of
tests tests the maximum
density ppgx. (2

= dimensions of each specimen || ® dimensions of each specimen

» SSD bulk densit = SSD bulk density (p determination/
= water absorptior&: ,[4)) ) = water absorption\fA\)/) each bit. mix.)
= void content (V,VMA/VFB) | * void content (V,VMA,VFB)

= Marshall stability (5) = measured _stiffness modulus

» Marshall flow (F) S (20°C2

= Marshall tangential flow Ft) = adjusted stiffness modulus

= Ratio stability/flow (S/F S (20°C)

STEP 3 ‘

Analysis of the results - limitations specified in AND
605 for HMA's with 16 mm maximum aggregate size

STEP 4 l

Determine the optimal binder content

STEP 5 l

Establish the conventional HMA mix design

Figure 3.23. Procedure used in order to establish the optimal mix design for an HMA.

3.6.2 Results and analysis: Campaign 1

The experimental results as average value/each parameter obtained for the
SSD bulk density (papjt.mix.), Water absorption (AVbit.mix.)r Marshall stability

(Sbit.mix.) » Marshall flow (Fpj¢ mix.), ratio between them (S/F p;¢ mix.) on the Marshall
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specimens, air void content (VMbit.mix.)l void in mixed aggregates (VMApit mix.):

voids filled with bitumen (VFBpj¢ mjx.), stiffness (SM (20°C) on the gyratory

bit.mix.)
cylindrical specimens and the maximum density (pmax_b,-t_m,-x_) of all considered HMAs

were plotted as a function of their binder content as shown in Figure 3.24, Figure 3.25
and Figure 3.26.

The limitations specified in the Romanian Standard AND 605 [14] for an HMA
produced with virgin materials with a 16 mm maximum aggregate size regarding the
water absorption, Marshall characteristics, void content and stiffness, were
represented in the same figures. The following limitations, presented as red zones in
the following figures were considered:

= water absorption: 5.0 < Ay pjt. mix. < 1.5 (%vol.);
= Marshall stability: 6.5 < Spjt mix. <13.0 (kN);
= Marshall flow: 1.5 < Fpj mix. < 4.0 (mm);

» ratio between Marshall stability and flow: S/Fp;¢ mix. min. 1.6 (kN/mm);
»air void content of specimens compacted at 80 gyrations:
VM bit.mix. Max. 6.0 (%) ;

» stiffness at 20°C: Sy, (20°C) min. 4000 (MPa) .

bit.mix.
2400 6.0
Max. limit AND 605
= 2350 1 @& 250 Q@ ———FT T
g . S 4.0 1 R = 0.993
32300— @9\‘ £ 50 \‘— :
£2250 A ~ j | N
b RN £20 “Min. limit AND 605
:2200 i R2 = 0.996 N : | i i i o e
Q< © < 1.0 G’\ e_o
2150 T T T T T T 00 T T T T T T
50 5.2 5.4 5.6 58 6.0 6.2 6.4 50 5.2 54 56 58 6.0 6.2 6.4
a) Binder content (%) b) Binder content (%)
2440
& ®HMA.5.2
T 2430 A AN @ HMA.5.4
S~
2 iro | Do OHMA.5.6
£ b 99:\\.\ OHMA.5.7
524107 ' “e ©HMA.5.8
<
2400 ———— ®HMA.6.0
5.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4
c) Binder content (%) ®HMA.6.2

Figure 3.24. Hydrostatic measurement results as a function of the binder content of
the seven bituminous mixtures and the limits specified in AND 605 [14]: (a) SSD bulk
density; (b) water absorption; (c) maximum density.
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Figure 3.25. Marshall test results as a function of the binder content of the seven
bituminous mixtures and the limits specified in AND 605 [14]: (a) Marshall stability;
(b) Marshall flow; (c) Stability/flow.

6.5 19 85
6.0 % — — — LMLAND 605 _ R2 = 0.994 I
£5.5 \ . 18 1 oA EP2%
o 7 /
~5.0 - \ < Q\ 4 '3 *g
= ® R2 = 0,991 < Nt .
4.5 N = / 70 @
£ N >174 S8 @ =
24.0 N .// ‘ ~ e' >
Siga O ! 09 R2=0.984 | 65
3.0 T T T T T T 16 T T T T T T 60
5.0 52 54 56 58 6.0 6.2 6.4 5.0 5.2 54 5.6 58 6.0 6.2 6.4
a) Binder content (%) b) Binder content (%)
7500
= . @®@HMA.5.2
2 6500 A
= N
S @ R =0.984 ®HMA.5.4
§ 5500 1 N OHMA.5.6
H €]
:G 4500 __Liﬂ'lit_AﬂD_G(E__\\‘____ OHMA.5.7
8 3500 - ~o ®HMA.5.8
=
“ 2500 SN S S . — ®HMA.6.0
5.0 5.2 5.4 56 58 6.0 6.2 6.4 |[OHMA.6.2
) Binder content (%)

Figure 3.26. Test results obtained on the gyratory specimens as a function of the
binder content for the seven bituminous mixtures and the limits specified in AND 605
[14]: (a) void content; (b) VMA and VFB; (c) Stiffness at 20°C.
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In each plot, polynomial regressions were performed and R? are shown.

By analysing the results shown in Figure 3.24, it could be observed that only
three HMAs (HMA.5.2, HMA.5.4 and HMA.5.6) respect the specifications from the
Romanian Standard concerning the water absorption. Regarding the results
obtained for the Marshall characteristics (Figure 3.25), void contents and stiffness at
20°C (Figure 3.26), the extremes HMA’s (lowest/highest binder content) do not meet
the requirements specified in AND 605 [14] for an HMA with a 16 mm maximum
aggregate size.

Therefore, by analysing all these experimental measurements it could be
observed that only the bituminous mixture produced with 5.6% binder content
(HMA.5.6) respects the specifications from the Romanian Standard.

It must be mentioned that in the Romanian Standard AND 605 [14] a
minimum binder content of 5.7% from the total mass of the mixture for a ‘BA16’ (Hot
Mix Asphalt — concrete asphalt with a 16 mm maximum aggregate size) is indicated.
However, based on the results obtained for the HMA.5.6 analysed in this study, this
binder content (5.6%) was considered to be the optimal one.

Therefore, all the following twelve bituminous mixtures produced with RAP
material with or without rejuvenator will be produced with a 5.6% total binder
content, rejuvenator not included and similar grading curve.

3.7 Results and analysis: Campaign 2
3.7.1 Marshall stability and Marshall flow

Marshall tests were performed on all 13 bituminous mixtures: 12 bituminous
mixtures produced with RAP material with and without rejuvenator and one
conventional bituminous mixture. Three cylindrical specimens were produced using
the Marshall compaction with 50 blows/part according to SR EN 12697-30 [188].
Marshall tests were performed according to SR EN 12697-34 [195]. The Marshall
characteristics of each cylindrical specimen and their average values related to

stability (Spjt.mix. in kN), flow (Fpjt.mix. in mm), tangential flow (FTbit.mix. in mm)

and the ratio between stability and flow (S/F ;¢ m;x. in kN/mm) were determined and

obtained results are presented in the following figures. Usually, Marshall stability
represents the peak resistance load obtained during a constant rate of deformation
loading sequence of 50 mm/min (ASTM D6927-15 [196]). The procedure used in
order to obtain the above-mentioned characteristics is presented in Section 3.5.2.

Before performing the Marshall tests, some intermediate measurements were
performed for each bituminous mixture specimen. Therefore, for each specimen the
SSD bulk density, the water absorption, void contents, VMA, VFB and the maximum
density were determined by hydrostatic measurements. The average values obtained
for each type of bituminous mixture are reported in Table 3.13.

By increasing the amount of the RAP material in the mass of the bituminous
mixtures it could be observed that all the values of the above-mentioned parameters,
except VFBpjt mix. » @re increasing. These results were expected due to the fact that

the RAP material is an aged material. Moreover, it is interesting to note that by adding
and increasing the amounts of the rejuvenator in the mass of the bituminous

mixtures, a reverse effect was obtained excepting pa pir.mix. -
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Table 3.13. Intermediate test results (average values of three specimens) determined
for the Marshall specimens for all considered bituminous mixtures.

Pabit.mix. Pmax.bit.mix. Avbit.mix. YMbit.mix. VMApijt.mix.VFBpit.mix.

Bit. mix.

(kg/m3) (kg/m3) (%vol.) (%) (%) (%)
D.0.R.0 2305 2423 1.50 4.90 17.60 72.20
D.25.R.0 2339 2444 1.70 4.30 17.10 74.80
D.25.R.0.2 2349 2442 1.50 3.80 16.80 77.40
D.25.R.0.4 2354 2442 1.30 3.60 16.70 78.30
D.25.R.0.6 2361 2438 1.00 3.10 16.40 80.90
D.50.R.0 2345 2465 1.90 4.90 17.60 72.40
D.50.R.0.2 2352 2461 1.70 4.40 17.40 74.70
D.50.R.0.4 2359 2457 1.50 4.00 17.30 76.80
D.50.R.0.6 2370 2453 1.20 3.40 17.00 80.10
D.75.R.0 2382 2565 2.20 7.10 19.90 64.30
D.75.R.0.2 2395 2546 1.80 5.90 19.20 69.00
D.75.R.0.4 2407 2543 1.40 5.30 19.00 71.90
D.75.R.0.6 2418 2537 1.10 4.70 18.80 75.00

As already mentioned, three specimens were tested for each type of
bituminous mixture. The average values of Marshall characteristics are reported in
Figure 3.27 (3.27a - Marshall stability; 3.27b - Marshall flow; 3.27c - ratio between
stability and flow; 3.27d - tangential flow).

As expected, the increase of the RAP material within the new bituminous
mixtures leads to an increase of the Marshall characteristics, except S/F ratio. It

could be observed that for the bituminous mixtures produced with more than 25%
RAP the stability is higher than the maximum limit from the AND 605 Standard [14]
for a bituminous mixture produced with virgin materias with 16 mm maximum
aggregate size. In this case, a rejuvenator should be used in order to decrease the
stiffness of the mix.

Regarding the bituminous mixtures produced with the lowest percentages of
RAP material, a small increase of the stability and flow was observed. Therefore, it
can be considered that, probably, the use of less than 25% of the RAP material in the
production of a new bituminous mixture leads to a final mix that is still within the
limits imposed by the Romanian Standard [14].

By increasing the amounts of the rejuvenator within the mass of the
bituminous mixtures a decrease of the stability and of the S/F ratio and an increase

of the Marshall flow and tangential flow could be observed.
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Figure 3.27. Marshall test results for all considered bituminous mixtures: (a) Marshall
stability; (b) Marshall flow; (c) Ratio stability/flow; (d) Tangential flow.

To highlight the variation of the experimental results obtained for the Marshall
characteristics with the increase of RAP material and rejuvenator percentages used
for each bituminous mixture, Figure 3.28 shows all the results plotted as a function
of the RAP material content.

Some linear relationship with the RAP material content for the bituminous
mixtures produced with the same amount of rejuvenator of 0%, 0.2%, 0.4% and
0.6% by mass of the RAP material, can be observed for the Marshall characteristics,

excepting the stability. Linear regressions were performed and R? values were
determined for each regression.
Regarding the Marshall flow and the tangential flow, it could be observed that

satisfactory R? values always higher than 0.966 were obtained. Moreover, Table 3.14
shows the experimental results obtained for the Marshall characteristics for all 13
bituminous mixtures. Also, Spjt mix. » Fpit.mix. + Ft bit.mix. @A S/F pjt.mix. Values were

normalized with respect to the values measured for the conventional HMA (D.0.R.0).
Normalized values are reported in Table 3.14.

As a general comment it can be concluded that the effect of increasing the
RAP material content leads to a stiffer behaviour of the bituminous mixtures as the
stability increases. The influence of increasing the rejuvenator content was observed
as a reverse effect which is counterbalancing the effect of the RAP material.
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Figure 3.28. Marshall test results as a function of RAP material content for all
bituminous mixtures: (a) Marshall stability; (b) Marshall flow; (c) Tangential flow; (d)

Ratio stability/flow.
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Table 3.14. Experimental results and normalized (to D.0.R.0) Marshall characteristics
for all considered bituminous mixtures.

(S/F)/

Bit. mix. S S/So% F F/FO% S/F ( /F) Ft Ft/FtO%

(kN) -) (mm) () (kKN/mm) , )0% (mm) -)
D.0.R.0 13.0 1.00 3.3 1.00 4.0 1.00 1.8 1.00
D.25.R.0 155 1.19 2.8 0.85 5.5 1.39 1.3 0.73
D.25.R.0.2 14.5 1.11 3.0 0.92 4.8 1.21 1.5 0.84
D.25.R.0.4 12.7 0.98 3.2 0.98 3.9 0.99 1.7 0.97
D.25.R.0.6 11.7 0.90 3.3 1.01 3.5 0.89 1.8 1.02
D.50.R.0 18.4 1.41 3.4 1.05 5.3 1.35 1.9 1.09
D.50.R.0.2 16.9 1.29 3.7  1.12 4.6 1.15 2.2 1.23
D.50.R.0.4 15.2 1.17 3.8 1.14 4.1 1.02 2.3 1.27
D.50.R.0.6 13.3 1.02 3.9 1.19 3.4 0.86 2.4 1.35
D.75.R.0 19.5 1.49 40 1.21 4.9 1.23 2.5 1.44
D.75.R.0.2 16.8 1.28 4.2 1.28 4.0 1.00 2.8 1.60
D.75.R.0.4 13.3 1.02 44  1.33 3.0 0.77 3.0 1.72
D.75.R.0.6 9.9 0.76 4.7 141 2.1 0.54 3.4 1.90

It would be interesting to investigate the relation between the Marshall
characteristics of the mixtures and the properties of the corresponding binder blends.
Therefore, results of the Marshall stability and flow were plotted as a function on the
penetration results obtained for the binder blends in Figure 3.29 a and b. A global
linear regression was performed. The coefficient of determination was determined.

A good relation between the Marshall stability of mixtures and the penetration
results of the corresponding blends was obtained. However, it could be observed in
Figure 3.29a that by performing some linear regression for the mixtures produced
with the same RAP material content (25%, 50% and 75%) and different rejuvenator
content, some strong relations were found, R2 always higher than 0.987. Similar
analysis was performed for the Marshall flow (Figure 3.29b) and for the void content
of Marshall specimens (Figure 3.29c).

It could be observed that for all these three parameters of mixtures and the
penetration of binder blends stronger relations, R? always higher than 0.908, where
found for the mixtures produced with constant RAP content (25%, 50% and 75%),
than in the case when all materials were considered (total R2).

These tendencies could be explained by the fact that most probably when the
RAP material was added in the new bituminous mixtures some differences between
the grading curves of these mixtures and the one used for the conventional mix were
obtained. Also, as the rejuvenator content was established by the mass of the RAP
material, as all specimens were produced by using the same compaction energy and
as the density of the aggregates from the RAP material is most probably higher than
the density of the virgin aggregates, the mixture specimens become more dense with
the increase of the RAP material and rejuvenator contents (see Table 3.13). For these
reasons, for the mixtures/binder blends produced with the same amount of RAP
content good linear relations could be performed.
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Figure 3.29. (a) Marshall stability vs. binder blends penetration; (b) Marshall flow vs.
binder blends penetration; (c) Void content vs. binder blends penetration.
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3.7.2 Stiffness modulus from indirect tension tests

Indirect tension tests were performed for all 13 bituminous mixtures according
to SR EN 12697-26 [197] with some differences, in order to obtain their stiffness
modulus. Two cylindrical specimens were produced using the gyratory compaction
according to SR EN 12697-31 [189] by using the same compaction energy through
80 gyrations.

Before performing the IT-CY tests, the same intermediate measurements, as
in the case of the Marshall tests, were performed for each bituminous mixture
cylindrical specimen. The average values obtained for these hydrostatic
measurements each type of bituminous mixture are reported in Table 3.15.

The comment stated in the case of the Marshall specimens is valid in the case
of the analysed cylindrical specimens compacted with the gyratory press. The increase
of the RAP material content within the mass of the bituminous mixtures corresponds

to an increase of all values of the above-mentioned parameters, except VFByjt mix. -

Moreover, when the rejuvenator was used, the increase of its amount
corresponds to a reverse influence, i.e., a decrease of the intermediate test results,

except pg pit.mix. and VFBpjt mix. -

IT-CY tests were performed on each specimen at four temperatures: 10°C,
15°C, 20°C and 25°C. More details regarding the procedure that was followed during
these tests, are given in Section 3.5.3.

Based on the measurements obtained by applying 5 impulses on each side of

the specimen, a measured stiffness modulus (SM,-) for each impulse was calculated

and two mean values of the measured stiffness modulus/each side of the specimen
(specimen rotated at 90° around its axis) were obtained (Sya, Swg). For all

specimens the differences between Sy 4 and Sy g were in +10% or -20% from their

mean value. Therefore, a mean value Sy was reported as the measured stiffness

modulus of the specimen.

As the Poisson coefficient was not determined, a unique value of 0.35 was
considered, according to SR EN 12697-26 [197], for all test temperatures for all
specimens.

Moreover, the measured stiffness modulus corresponding to each applied
impulse, were adapted to the load-area factor with 0.60, and the adjusted stiffness
moduli S,; were obtained. Also, a mean value of the adjusted stiffness modulus was

calculated for each specimen.

As an example, a test results report is shown in Figure 3.30 for one specimen
for the bituminous mixture D.25.R.0.4 where the row measurements are presented
together with the Sy and S, values.

Figure 3.31 shows an example for the bituminous mixtures produced with
50% RAP material and different percentages of rejuvenator where the experimental
results obtained for the measured stiffness modulus were plotted as a function of the
test temperature in order to highlight the influence of the temperature on the Sy
values. Similar plots were built in Figure 3.32 for the same materials for the adjusted

stiffness modulus results. Similar plots are shown in Appendix 2 form Figure A2.1 to
Figure A2.6.
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Table 3.15. Intermediate test results (average values of two specimens) determined
for cylindrical specimens produced at 80 gyrations for all considered bituminous
mixtures.

Bit. mix. PAbit.mix. Avbit.mix.  Ymbit.mix.  VMApit.mix.  VFBbit.mix.
(kg/m3) (%vol.) (%) (%) (%)
D.0.R.0 2297 1.10 5.20 17.90 70.90
D.25.R.0 2344 2.10 4.10 16.90 75.90
D.25.R.0.2 2354 1.50 3.60 16.60 78.30
D.25.R.0.4 2363 1.30 3.20 16.40 80.40
D.25.R.0.6 2369 1.30 2.80 16.10 82.50
D.50.R.0 2350 2.60 4.70 17.40 73.20
D.50.R.0.2 2362 1.80 4.00 17.10 76.40
D.50.R.0.4 2366 1.20 3.70 17.00 78.20
D.50.R.0.6 2372 1.10 3.30 16.90 80.40
D.75.R.0 2394 3.70 6.70 19.50 65.90
D.75.R.0.2 2401 2.60 5.70 19.00 70.00
D.75.R.0.4 2415 1.80 5.00 18.80 73.20
D.75.R.0.6 2434 1.20 4.10 18.30 77.80
Pule= 1A Pulse 24 Pulse 3A Pulzz 44 Pulsa SA
TN Pt AT a Plra
\ / ) / \ . '

R AR R

Pulse 18 Pulse 28 Pulee 38 Pulse 48 Pulss 58

o 7 S > =

Test Results

| 1A | 24 | 3A | 4& | SA |MeanA| 18 | 28 | 3B | 48 | 5B | Me=nB | Mean ARB |

Lozd Peak to Peak (kN) | 4.032 | 4030 | 4028 | 4030 | 4027 | 4029 | 4361 | 4.359 | 4360 | 4.360 | 4360 | 4360 | 4.195

Horizonta| Stress (kPa) | 383.3 | 383.1 | 383.0 | 383.0 | 382.5 | 3831 | 4146 | 4144 | 4145 | 4145 | 414.6 | 4145 398.8

Load-Area Factor | 0.65 | 0.65 | 0.65 | D65 | 0.65 | 0.65 | 0.65 | D.65 | 0.65 | 0.65 | .65 | 065 0.65

Horizontz| Deformztion (um) | 4.415 | 4.354 | 4279 | 4252 | 4241 | 4310 | 4.718 | 4.650 | 4638 | 4.704 | 4626 | 467 4.495

load RiseTime (ms) | 127 | 127 | 127 | 127 | 17 | 137 | 124 | 124 | 14 | 1 | 14 | 124 125

Measured Stiffness (MPa) | 8455 | 8551 | 8716 | &776 | 8792 | 8656 | 8559 | G630 | 8553 | 8582 | ETT | 28 8643

Adjusted Stiffness Modulus (MPa) | 8743 | 8842 | 9014 | 9076 | 9093 | 953 | 8EG0 | G976 | 8885 | 8674 | 5025 | 8322 | 8938

Figure 3.30. Example IT-CY test results bituminous mixture D.25.R.0.4.
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Figure 3.31. Measured stiffness modulus as a function of the test temperature for the
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Figure 3.32. Adjusted stiffness modulus as a function of the test temperature for the
bituminous mixtures: (a) D.50.R.0; (b) D.50.R.0.2; (c) D.50.R.0.4; (d) D.50.R.0.6.
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As it could be observed for all the tested materials, both Sy, and S, show a
linear relationship with the increase of temperature. Therefore, some linear

regressions were performed and the R? was calculated for each regression for each
tested bituminous mixture.

Satisfactory R? values were obtained, always higher than 0.962 in the case
of the measured stiffness, and always higher than 0.963 in the case of the adjusted

stiffness. It is interesting to note that the lowest R? value was obtained for the
bituminous mixture D.75.R.0.6. However, these observed tendencies are very
important because they show that the increase of temperature leads to a linear
decrease of the bituminous mixture stiffness.

Figure 3.33 shows the average values obtained for S, and S, at each test

temperature for all considered bituminous mixtures.
As expected, the increase of the RAP material content within the mass of the
bituminous mixtures corresponds to an increase of the Sy, and S, values. Also, the

increase of the temperature leads to a decrease of stiffness.
On the other side, when the rejuvenator was used a decrease of the stiffness
was observed with the increase of its percentage within the mass of the mixtures.

Moreover, the obtained Sy, (t) results in logarithmic scale for all bituminous

mixtures were plotted as a function of the RAP material content in Figure 3.34 in order
to highlight if there are any relationships between them.

Exponential regressions were performed for each series of bituminous
mixtures produced with the same amount of rejuvenator (0%, 0.2%, 0.4% and 0.6%

by mass of the RAP material) by mass of the RAP material. R? values were
determined for each regression.

It is interesting to note that for the lowest temperature (10°C) the results
obtained for the adjusted stiffness for the bituminous mixtures produced with different
amounts of RAP material (25%, 50% and 75%) without rejuvenator, present a small
increase with the increase of the RAP material. On the other side, the increase of the
temperature corresponds to an increase of this tendency.

For the bituminous mixtures produced with 0% and 0.2% of rejuvenator by

mass of the RAP material, at the lowest temperature the R? is not meaningful due to
the fact that the differences between S, (10°C) values is small as the regression line

presents a small slope. For the other two series of 0.4% and 0.6% rejuvenator, a
change of slope was observed, SA(10°C) values are decreasing with the increase of

the RAP material content. Similar tendencies were observed for all the other
temperatures.
In order to better observe the effects of the RAP material and the rejuvenator

the Sy (t) and S, (t) values were normalized with respect to the results obtained for

the conventional bituminous mixture D.0.R.0. All Sy (t) and S, (t) values together

with the normalized values for all tested bituminous mixtures are reported in Table
3.16 for the measured stiffness and Table 3.17 for the adjusted stiffness.

It could be observed that the stiffness of the bituminous mixtures produced
with rejuvenator show a variation with the increase of RAP material, with respect to
the conventional mixture. This tendency can be explained since the rejuvenator
content is fixed as a percentage of 0%, 0.2%, 0.4% and 0.6% of the RAP material
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content. Therefore, the bituminous mixtures produced with a higher RAP material
amount have also a higher rejuvenator content.
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Figure 3.33. Stiffness modulus for all considered bituminous mixtures at each test
temperature: (a) Sp (10°C); (b) S4(10°C); (c) Sy (15°C); (d) Sa(15°C); (e)

Sy (20°C); () S4(20°C); (9) Swm(25°C); (h) Sa(25°C).
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Table 3.16. Experimental results and normalized (to D.0.R.0) of the measured
stiffness modulus for all considered bituminous mixtures.

S (T) (MPa Sn/Sn o (T) (-
Bit. mix. m(T) (MPa) M/Smo% (T) (-)

T=10°C T=15°C T=20°C T=25°C T=10°C T=15°C T=20°C T=25°C
D.0.R.0 10100 7282 5335 3779 1.00 1.00 1.00 1.00
D.25.R.0 12298 9267 6490 4658 1.22 1.27 1.22 1.23

D.25.R.0.2 11358 8931 6214 4510 1.12 1.23 1.16 1.19
D.25.R.0.4 10345 8473 5271 3638 1.02 1.16 0.99 0.96
D.25.R.0.6 9165 7218 4352 2966 0.91 0.99 0.82 0.78
D.50.R.0 12348 9583 6729 4726 1.22 1.32 1.26 1.25
D.50.R.0.2 10453 7916 5207 3889 1.03 1.09 0.98 1.03
D.50.R.0.4 8477 6415 4016 2469 0.84 0.88 0.75 0.65
D.50.R.0.6 6436 4593 2584 1683 0.64 0.63 0.48 0.45
D.75.R.0 13352 10606 7564 4920 1.32 1.46 1.42 1.30
D.75.R.0.2 9687 7882 5389 3516 0.96 1.08 1.01 0.93
D.75.R.0.4 7754 5818 3687 2362 0.77 0.80 0.69 0.63
D.75.R.0.6 6061 3800 2445 1507 0.60 0.52 0.46 0.40

Table 3.17. Experimental results and normalized (to D.0.R.0) of the adjusted stiffness
modulus for all considered bituminous mixtures.

Sa(T) (MPa Sa/San0 (T) (-
Bit. mix. A(T) (MPa) A/540%(T) (-)

T=10°C T=15°C T=20°C T=25°C T=10°C T=15°C T=20°C T=25°C
D.0.R.0 10492 7495 5589 3974 1.00 1.00 1.00 1.00

D.25.R.0 12662 9623 6790 4890 1.21 1.28 1.21 1.23
D.25.R.0.2 11872 9365 6492 4728 1.13 1.25 1.16 1.19
D.25.R.0.4 11233 8835 5473 3837 1.07 1.18 0.98 0.97
D.25.R.0.6 9458 7466 4568 3131 0.90 1.00 0.82 0.79
D.50.R.0 12586 9830 6985 4935 1.20 1.31 1.25 1.24
D.50.R.0.2 10612 8141 5330 3975 1.01 1.09 0.95 1.00
D.50.R.0.4 8747 6620 4232 2622 0.83 0.88 0.76 0.66
D.50.R.0.6 6662 4762 2734 1795 0.63 0.64 0.49 0.45
D.75.R.0 12836 10961 7782 5132 1.22 1.46 1.39 1.29
D.75.R.0.2 11008 8145 5603 3702 1.05 1.09 1.00 0.93
D.75.R.0.4 7965 6025 3881 2511 0.76 0.80 0.69 0.63
D.75.R.0.6 6296 3985 2590 1612 0.60 0.53 0.46 0.41

From the presented results a general conclusion could be raised, that the
effect of increasing the RAP material content conduce to an increase of stiffness. The
influence of the temperature was observed: the increase of temperature leads to a
linear decrease of the stiffness modulus. On the other side, the increase of the
rejuvenator content within the mass of mixtures corresponds to a reverse effect as
the stiffness decreases with the increase of the rejuvenator content.

As in case of the Marshall characteristics it would be interesting to investigate
the relation between the stiffness modulus of the mixtures and the penetration of the
corresponding binder blends. Figure 3.35 shows the adjusted stiffness modulus results
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obtained at different temperature as a function on the penetration results obtained
for the binder blends. Similar analysis as in case of the Marshall characteristics was
performed: linear regressions for the mixtures produced with constant RAP material
content and a global linear regression were performed.

It could be observed that for the mixtures produced with the same RAP
material content (25%, 50% and 75%) and different rejuvenator content, some
strong relations were found, R2 always higher than 0.917. However, the global relation
between stiffness and penetration is not so strong, R? is lower than 0.825.

As mentioned in the previous section, these tendencies could be explained by
the fact that most probably when the RAP material was added in the new bituminous
mixtures some differences between the grading curves of these mixtures and the one
used for the conventional mix were obtained. Also, as the rejuvenator content was
established by the mass of the RAP material, the total binder content is increasing
with the increase of RAP material. As all specimens were produced by using the same
compaction energy and as the density of the aggregates from the RAP material is
most probably higher than the density of the virgin aggregates, the mixture
specimens become more dense with the increase of the RAP material and rejuvenator
contents (see Table 3.15). For these reasons, for the mixtures/binder blends produced
with the same amount of RAP content good linear relations could be performed.
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Figure 3.35. (a) Adjusted stiffness at 10°C vs. binder blends penetration; (b) Adjusted
stiffness at 15°C vs. binder blends penetration; (c) Adjusted stiffness at 20°C vs.
binder blends penetration; (d) Adjusted stiffness at 25°C vs. binder blends
penetration.

3.7.3 Permanent deformation resistance (dynamic creep)

The cyclic compression with confinement tests were performed according to
SR EN 12697-25 [198]- Method B in order to determine the resistance to permanent
deformation at a constant temperature of 50°C, on a cylindrical specimen subjected
to a cyclic axial block-pulse pressure of 300 kPa, superposed with a static confining
pressure of 50 kPa.

The procedure followed in order to determine the resistance to permanent
deformation after applying 10000 impulses in described in Section 3.5.3. For each
considered bituminous mixture, two cylindrical specimens with a 100 mm diameter
were produced with the gyratory press at 80 gyrations.
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Identical intermediate measurements, as in the case of the IT-CY tests, were
performed for each bituminous mixture cylindrical specimen. The values obtained for
all specimens for each bituminous mixture are reported in Table 3.18.

The same remarks as in the case of the specimens considered for the IT-CY
test, are valid in the case of the analysed cylindrical specimens. By increasing the RAP
material content within the mass of the bituminous mixtures, it results an increase of
all values of the above-mentioned parameters, except VFBpjt mix. - The increase of

the rejuvenator content corresponds to a reverse effect, a decrease of the
intermediate test results, except pa pit.mix. and VFBpjt mix. -

Cyclic compression with confinement tests were performed on all specimens
and based on the obtained measurements the creep curve was built for each tested
specimen. The quasi-linear stage of the creep curve was obtained by performing a
linear fit on this stage. It must be mentioned that for all tests only the first stage i.e.
initial part of the curve where the increase of the cycles corresponds to a decrease of
the slope of the creep curve and the second stage i.e. the part of the creep curve with
quasi-constant slope of the creep cures were observed. The third stage corresponding
to an increase of the slope is missing for all tests.

Figure 3.36 shows as an example the creep curve obtained for the specimen
8a for the mixture D.50.R.0.4, together with the linear fit performed on the second
stage of the creep curve.

The outputs determined by performing the cyclic compression with
confinement tests that were analysed in this study are:

- the mean deformation of the specimen, after 10000 loading cycles, hyggoo

in mm found as position of the upper plate measured by the two LVDTs;

—the cumulative axial strain of the test specimen after 10000 impulses,
€10000 N MM/m;

- creep rate, f. in pym/m/loading cycle;

- the slope from the least square linear fit on the
log(slooo,calc —C) vs. log(n) values, B;

—the cumulative axial strain of the test specimen after 1000 impulses,
£€1000,calc 1N %.

All outputs were calculated by using the equations 3.16 - 3.19 which are
described in Section 3.5.4.

As already mentioned, two cylindrical specimens were tested for each type of
bituminous mixture. The average results determined for the above-mentioned output
parameters are reported in Table 3.19 for all considered mixtures.

Moreover, Figure 3.37 shows the results obtained for the cumulative axial
strain after 10000 impulses and the creep rate for all bituminous mixtures.
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Table 3.18. Intermediate test results for each specimen determined for cylindrical
specimens produced at 80 gyrations for all considered bituminous mixtures.

Bit. mix. Specimen Pabit.mix. Avbit.mix. YMbit.mix. VMApit.mix. VFBpit.mix.
(kg/m3)  (%vol.) (%) (%) (%)
50RO 1a 2295 1.20 5.30 17.90 70.50
R 1b 2299 1.00 5.10 17.80 71.30
2a 2343 2.20 4.10 16.90 75.70
D.25.R.0 2b 2345 2.00 4.00 16.90 76.10
3a 2357 1.50 3.50 16.50 79.00
D.25.R.0.2 3b 2351 1.60 3.70 16.70 77.70
4a 2361 1.20 3.30 16.50 79.90
D.25.R.0.4 4b 2365 1.50 3.10 16.30 80.80
Sa 2373 1.20 2.70 16.00 83.40
D.25.R.0.6 5b 2365 1.30 3.00 16.30 81.70
5 50.R.0 6a 2340 2.50 5.10 17.80 71.40
6b 2359 2.70 4.30 17.10 74.90
7a 2362 1.80 4.00 17.10 76.40
D.50.R.0.2 7b 2361 1.70 4.10 17.10 76.30
8a 2372 1.30 3.40 16.80 79.50
D.50.R.0.4 8b 2359 1.20 4.00 17.30 76.80
%a 2365 1.10 3.60 17.10 79.10
D50.R0.6 o 2378 1.10 3.00 16.70 81.80
5 75 R.0 10a 2395 3.60 6.60 19.50 66.00
/2R 10b 2393 3.90 6.70 19.60 65.80
11a 2406 2.60 5.50 18.80 70.80
D.75.R.0.2° 41p 2396 2.60 5.90 19.20 69.20
12a 2411 1.80 5.20 18.90 72.60
D.75.R.04  15p 2419 1.80 4.90 18.60 73.80
13a 2434 1.10 4.10 18.30 77.70
D.75.R.06 43y 2435 1.20 4.00 18.20 77.90
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Figure 3.36. Example creep curve test results for specimen 8a, bituminous mixture
D.50.R.0.4.

Table 3.19. Cyclic compression with confinement test results (average values of two
specimens) determined for cylindrical specimens produced at 80 gyrations for all
considered bituminous mixtures.

ho  Moooo  €10000 fe POMErRt e1000 cate
. cycle) © “
D.0.R.0 0.007 0.669 9593 0.153 0.146 0.558
D.25.R.0 0.017 0.777 12051 0.096 0.065 0.844
D.25.R.0.2 0.022 1.126 16392 0.102 0.066 0.868
D.25.R.0.4 0.024 1.423 20681 0.145 0.039 2.084
D.25.R.0.6 0.029 1.924 27866 0.171 0.042 2.319
D.50.R.0 0.033 1.030 15107 0.123 0.065 1.111
D.50.R.0.2 0.039 1.344 20380 0.156 0.061 1.487
D.50.R.0.4 0.053 1.712 25134 0.266 0.116 1.265
D.50.R.0.6 0.061 2.022 30650 0.399 0.234 2.454
D.75.R.0  0.052 1.244 18626 0.160 0.071 1.264
D.75.R.0.2 0.062 1.647 25141 0.264 0.123 1.210
D.75.R.0.4 0.024 2.029 32329 0.579 0.134 2.180

D.75.R.0.6 0.062 2.348 38088 0.863 0.185 2.252
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Figure 3.37. Permanent deformation test results for all considered bituminous
mixtures at each test temperature: (a) cumulative axial strain of the test specimen
after 10000 impulses; (b) creep rate.

It could be noted that the increase of the RAP material content within the
mass of mixtures leads to an increase of the hygggg, €10000 and f. values. Similarly,
the increase of the rejuvenator content conduced to a same tendency.

It must be mentioned that no specimens failed before the 10000 loading
cycles.

The obtained results for the £19gg9g and f for all bituminous mixtures were
plotted as a function of the RAP material content in Figure 3.38 in order to highlight
if there are any obvious variation with the increase of both RAP material and
rejuvenator contents.

As it could be observed in Figure 3.38, £1gggg and f. values increase with the
increase of RAP content and some linear trends were observed. Therefore, linear
regressions were performed on the obtained outputs results for all mixtures produced
with the same amount of rejuvenator of 0%, 0.2%, 0.4% and 0.6% by mass of the

RAP material and the R? values were determined for each regression with good

approximation. R? values always higher than 0.935.
It worth noting that the values of £1gggg obtained for each series of mixtures

produced with the same amount of rejuvenator by mass of the RAP material, presents
approximatively the same tendency, the slope of each linear regression being
approximatively the same. It seems that &ygggg Vvalues are proportional with the

rejuvenator content. However, this remark is not valid in case of the creep rate.
Moreover, it is interesting to note that for the mixtures produced without
rejuvenator, a small increase of the creep rate was observed with the increase of the
RAP material content as the linear regression is close to horizontal line. The rate of
the increase of the f. values is higher for the other series of bituminous mixtures

produced with 0.2%, 0.4% and 0.6% rejuvenator. This can be observed by increasing
the slope of the linear regressions.

As an example, for the mixtures produced with the highest rejuvenator
content 0.6% by mass of the RAP material, an important increase of the creep rate
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was observed. These tendencies can be explained by the fact that the rejuvenator
content is calculated as a percentage of the RAP material. Therefore, the increase of
the RAP material content corresponds to an increase of the rejuvenator content.

As a general comment on these test results, it could be concluded that the
effect of increasing the RAP material content leads to an increase of the cumulative
strain after 10000 loading cycles and of the creep rate. On the other side, the increase
of the rejuvenator content within the mass of mixtures corresponds to a reverse
effect.
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Figure 3.38. Permanent deformation test results as a function of the RAP material
content for all considered bituminous mixtures: (a) €1gggg; (b) fc-

As in case of the stiffness modulus and Marshall characteristics the relation
between the cumulative axial strain after 10000 impulses of the mixtures and the
penetration of the corresponding binder blends was investigated as shown in Figure
3.39. Similar analysis as in case of the Marshall characteristics was performed: linear
regressions for the mixtures produced with constant RAP material content and a global
linear regression were performed.

Some strong relations were found, R? always higher than 0.982, for the
mixtures produced with the same RAP material content (25%, 50% and 75%).
However, the global relation between stiffness and penetration is not so strong, R? is
lower than 0.428. As mentioned in previous sections, these tendencies could be
explained by the fact that most probably the use of the RAP material leads to a change
of the grading curves of the final mixtures. Also, the use of the same energy
compaction of all mixtures, the rejuvenator content which was established as a
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function of the mass of the RAP material and the difference between the density of
the RAP aggregates and the virgin aggregates lead to these results.
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Figure 3.39. Cumulative axial strain after 10000 impulses of mixtures vs. binder
blends penetration.

3.7.4 Complex modulus test - two-point bending test
3.7.4.1 Experimental results

Complex modulus tests in two-point bending configuration were performed
on trapezoidal specimens according to SR EN 12697-26 - Annex A [197].

As described in Section 3.4.2, four trapezoidal specimens were cut from each
slab produced for each considered mixtures. It is important to mention that same
energy of compaction was used in order to produce the slabs. The coring plan for one
slab is presented in Figure 3.7 in Section 3.4.2.

A selection between the trapezoidal specimens according to their void
contents and their dimensions was performed. The dimensions and the void contents
for each specimen are reported in Table 3.20 where the specimens marked by ‘*’ are
chosen to be tested. Therefore, a lot of two specimens which meet the accuracy of
+1 mm for each dimension as specified in the Standard for a mixture with a 16 mm
maximum aggregate size and which has the average void content as similar as
possible, were selected for the evaluation of complex modulus two-point bending test.
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Table 3.20. Dimensions and void contents of all cut trapezoidal specimens.
Trapezoidal specimens dimensions (mm) Void content

Bit. mix. Specimen H B b e (%)
11 25033 70.12 _ 24.88 _ 23.93 4.10

50RO 1.2%  250.97 69.46  24.50  24.60 4.50
1.3 250.11  70.77  25.75  23.88 4.30

1.4% 25071 69.68  24.49  25.90 4.90

2.2 248.94  70.25  25.12  25.14 4.90

525 R0 2.3 250.22 68.98  24.93  24.99 5.20
2.4%  249.72  69.70  24.89  25.12 5.00

2.5  250.45 69.84 2479  24.10 5.10

3.1 250.56  70.05  23.91  25.02 4.90

3.2%  250.97 69.89  25.06  24.90 4.90

D.25R.02 33 75056 69.98 2475  25.50 4.70
3.4 248.87 69.84  25.01  24.96 4.10

4.1%  249.42 7039 2529  25.60 4.30

42% 24923 7035 2517  25.10 4.30

D.25R.0.4 43 248.92 70.25 2523  25.45 3.80
4.4 248.80  70.33  25.15  25.11 4.20

5.1%  250.63  69.56  24.52  25.25 3.80

5.2%  250.05 69.64  24.43  25.20 3.60

D.25R.0.6 g3 250.12 69.78  23.88  25.10 3.50
5.4 250.55 69.82  24.56  23.84 3.80

6.1 249.50  69.60  24.94  25.50 5.70

5.50.R.0 6.2 250.85 69.68  25.04  25.08 5.10
6.3*  251.00 69.45 2491  25.00 5.50

6.4 248.89  69.96 2593  25.18 5.60

71%  250.52  69.38 2447 _ 25.80 4.90

7.2 248.88  70.28  25.06  25.36 4.80

D.50.R.0.2° 73 249.52  70.37 2526  23.85 4.90
7.4%  251.00 69.97  24.88  25.00 4.90

8.1 248.79  70.18 _ 25.14 _ 25.18 3.60

8.2%  251.00 69.71  25.09  24.70 3.90

D.50.R.0.4  g3x 55057  70.03 2524  25.30 3.70
8.4 250.63 70.44  25.13  25.19 3.10

9.1%  249.00  70.03 2430 _ 25.65 2.90

9.2 248.80 70.08  24.83  23.97 2.80

DS0.R06  g3x 24042 7012 2554 26.00 2.90
9.4 248.98  70.37  25.68  23.96 2.90

10.1¥  249.00 70.44 _ 25.82 _ 25.00 6.20

575 RO 10.2%  249.09 70.14 2549  25.30 6.40
10.3  249.01  70.33  23.93  24.08 6.10

10.4  249.08 70.25  23.91  23.97 6.00

111 248.91  69.86  24.99  24.86 4.70

11.2  249.03 68.94 2397  24.15 4.70

D.75.R.0.2 11.3*  250.02 70.45  25.93  24.20 5.30
11.4% 24917 70.29  26.00  26.00 5.10

121 249.69 68.95  23.87 _ 25.04 3.20

12.2%  249.78  70.45  26.00  25.00 3.50

D.75R.0.4  453x 25100 69.71 2570  24.30 3.00
124  249.61 6892 2545  25.12 3.30

131 248.93 70.17 2528  25.10 2.30

s Roe 132 24890 7022 2497  23.96 2.00
-75.R.0. 13.3*  249.99  70.45 2574  24.10 2.30

13.4* 249.61 70.33 25.02 25.00 2.10
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Complex modulus tests were performed in strain control with the imposed
strain loading amplitude of 50 pm/m at seven temperatures starting from -5°C up to
25°C at a frequency range from 0.5 Hz to 20 Hz.

At each frequency and each temperature, a cyclic sinusoidal displacement is
imposed on the specimen for a predefined time of 120 s. The data obtained over the
last 10 seconds is acquired and the mean of these values are recoded and reported
at the end of each test. More details regarding the procedure that was followed during
these tests, are given in Section 3.5.5.

As an example, Figure 3.40 shows the isothermal curves of the norm and the
phase angle of the complex modulus for the bituminous mixture produced with 25%
RAP material and 0.4% rejuvenator by mass of the RAP material.
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Figure 3.40. Example of complex modulus two-point bending test results for the
bituminous mixture D.25.R.0.4: (a) norm of complex modulus isotherms; (b) phase
angle isotherms.

Also, Cole-Cole and Black diagrams were built in order to verify if the time
temperature superposition principle (TTSP) is valid. Figure 3.41 shows an example for
the mixture D.25.R.0.4.
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Figure 3.41. Example of complex modulus two-point bending test results for the
bituminous mixture D.25.R.0.4: (a) Cole-Cole diagram; (b) Black diagram.

As it could be observed, the data presented in Cole-Cole and Black diagrams
are located on a unique curve, independently of the test temperature and frequency,
for each of the considered mixtures.

This observed trend means that the time temperature superposition principle
(TTSP) is valid for all tested bituminous mixtures and moreover they can be
considered as thermorheologically simple materials [11] even when containing the
rejuvenator.

Cole-Cole and Black curves of the mixtures produced without rejuvenator
present an expected trend with the increase of the RAP material content within
mixtures. On the other side, the increase of the rejuvenator content into mixtures
corresponds to a reverse effect by counterbalencing the effect of the aged RAP
material.

For the same bituminous mixture (D.25.R.0.4) isothermal master curves of

the norm of complex modulus ‘E*‘ and phase angle ¢ were built at a reference

temperature (T,or) of 15°C in Figure 3.42. Also, Figure 3.42c shows the values of the

temperature shift factors ar as a function of test temperature. It must be mentioned
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that same WLF constants as those obtained for each corresponding binder blends at
the same reference temperature (15°C) of each mixture were used. The use of the
same WLF constants is a step in order to apply the SHStS transformation (presented
in Section 1.5.4).
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Figure 3.42. Complex modulus two-point bending test results for the bituminous
mixture D.25.R.0.4: (a) master curve of the norm of complex modulus; (b) master
curve of the phase angle of complex modulus; (c) ar shift factors versus temperature.

Similar plots to those presented in Figure 3.42 were made for all the other
mixtures. All plots together with the 2S2P1D modelling are reported in Appendix 2.
Table 3.21 lists the values of ar temperature shift factors together with WLF

constants for all tested mixtures.
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Table 3.21. Complex modulus two-point bending test results for all mixtures: (a) ar
temperature; (b) WLF constants.

a)
) ) ar shift factors (-)
Bit. mix.
-5°C 0°C 5¢C 10°C 15°C 20°C 25°C
D.0.R.0 6693.00 450.00 43.00 4.98 1 0.234 0.066
D.25.R.0 6028.00 441.00 44.00 5.92 1 0.200 0.047
D.25.R.0.2 6335.00 448.00 33.20 5.08 1 0.210 0.050
D.25.R.0.4 5833.00 420.00 43.00 5.77 1 0.204 0.053
D.25.R.0.6 4222.00 394.00 40.60 5.11 1 0.222 0.055
D.50.R.0 4011.00 381.20 40.50 5.65 1 0.202 0.055
D.50.R.0.2 4060.80 280.20 35.20 5.77 1 0.235 0.059
D.50.R.0.4 2564.00 220.80 30.10 5.01 1 0.214 0.053
D.50.R.0.6 2483.80 197.90 24.50 4.56 1 0.260 0.065
D.75.R.0 4852.00 385.00 42.23 6.20 1 0.220 0.052
D.75.R.0.2 3839.60 283.00 28.50 4.90 1 0.250 0.060
D.75.R.0.4 757.60 143.60 31.20 4.54 1 0.250 0.055
D.75.R.0.6 981.40 104.30 20.50 5.01 1 0.235 0.063
b)
Bit. mix. Cq G
D.0.R.0 12.07 83.10
D.25.R.0 13.23 89.98
D.25.R.0.2 12.65 86.56
D.25.R.0.4 12.26 85.08
D.25.R.0.6 11.88 83.63
D.50.R.0 14.08 96.46
D.50.R.0.2 12.96 90.03
D.50.R.0.4 12.12 85.41
D.50.R.0.6 11.47 84.54
D.75.R.0 14.84 97.16
D.75.R.0.2 13.57 92.81
D.75.R.0.4 11.56 88.44
D.75.R.0.6 12.29 92.79

In order to highlight the influence of increasing the RAP material and the
rejuvenator contents on the thermomechanical behaviour of mixtures, master curves
of the norm and phase angle of the complex modulus for the mixtures produced with
50% RAP material and different amounts of rejuvenator and the conventional mixture
were plotted in Figure 3.43.
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Figure 3.43. Complex shear modulus test results for the mixtures produced with 50%
RAP and different dosages of rejuvenator and the conventional mixtures: (a) master
curves of the norm of complex modulus; (b) master curves of the phase angle of
complex modulus.

As expected, master curves of mixtures produced without rejuvenator are

falling away from the corresponding master curves of the conventional one. ‘E*‘

values are increasing with the increase of RAP material content while the ¢ values

are decreasing with the increase of RAP material content. On the other side, the
increase of the rejuvenator content into mixtures corresponds to master curves and
shift factors progresively approaching to those of the conventional mixture.

From these results, the mixture produced with 50% RAP mateial and 0.6%
Rej by mass of the RAP material presents an aproximatively close behaviour to the
one of the conventional mixture. Thus, the master curves are close to those of the
conventional HMA.

This tendency confirms the conclusions from Chapter 2 where it was shown
that the corresponding binder blend of D.50.R.0.6 presents similar conventional and
rheological properties to those of the used fresh 50/70. Practically the rejuvenating
effect of the rejuvenator is counterbalancing the effect of the aged RAP binder within
this binder blend.
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3.7.4.2 2S2P1D modelling

Experimental data were fitted with 252P1D model (equation 1.28 Section
1.5.3) which is presented in Section 1.5.3. As an example, Black, Cole-Cole and
complex modulus and phase angle master curves at a reference temperature of 15°C
for mixture D.50.R.0.2 are reported in Figure 3.44. 2S2P1D model parameters, for all
tested mixtures are listed in Table 3.22, excepting the parameters corresponding to
Poisson ratio which were not investigated. 2S2P1D model fittings of master curves of
complex modulus and phase angle, WLF curves, Black curves and Cole-Cole curves
obtained for all other mixtures are reported in Appendix 2 from Figure A2.7 to Figure
A2.18.

It must be mentioned that the same values of h and B parameters as those
used in case of the binder blends (Table 2.10 from Section 2.6.2.1), were used for
each corresponding bituminous mixture.
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Figure 3.44. 2S2P1D model fitting of complex modulus test results for mixture
D.50.R.0.2: (a) Cole-Cole curve; (b) Black curve; (c) master curves of the norm of
complex modulus and phase angle.

Table 3.22. 2S2P1D parameters obtained for the considered bituminous mixtures.

2S2P1D parameters

Bit. mix. Eoo Eo k h d T B

(MPa)  (MPa) () (-) () (s) ()
D.0.R.0 10 19000 0.277 0.633 2.35 0.184 124
D.25.R.0 15 19300 0.262 0.626 2.02 0.233 166
D.25.R.0.2 15 18720 0.262 0.629 2.37 0.312 158
D.25.R.0.4 10 19400 0.267 0.643 2.11 0.131 132
D.25.R.0.6 10 17500 0.268 0.635 2.38 0.182 120
D.50.R.0 15 20600 0.253 0.620 2.16 0.258 235
D.50.R.0.2 15 19400 0.265 0.625 2.28 0.298 195
D.50.R.0.4 10 18900 0.268 0.633 1.86 0.097 145
D.50.R.0.6 10 17600 0.274 0.638 2.63 0.198 124
D.75.R.0 25 21900 0.254 0.614 2.36 0.468 310
D.75.R.0.2 15 20000 0.288 0.624 2.32 0.180 238
D.75.R.0.4 10 19280 0.292 0.633 1.51 0.040 166
D.75.R.0.6 10 14500 0.239 0.641 2.69 0.532 125

Values of the 2S2P1D parameters were then plotted as a function of RAP
material content, as shown in Figure 3.45 a-g. Illustratively, an example of the shift
factors at 5°C as a function of RAP material content within the mixture is shown in
Figure 3.45h.
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It could be observed that 2S2P1D parameters and the ar shift factors of
mixtures do not appear to follow a clear tendency with the increase of the RAP
material and rejuvenator contents. This observation is in contrast with the linear
tendencies of these parameters with the RAP binder content which were observed for
the corresponding binder blends.

Further, the parameter 7 was investigated due to the fact that this is the only
2S2P1D parameter that is related to the thermal sensitivity of both binders and
mixtures and therefore it can be used to highlight the influence of binder
characteristics on the bituminous mixtures behaviour.

The possible relation between the glassy modulus (EO) of all mixtures and

the penetration of the corresponding binder blends was investigated as shown in
Figure 3.46. A linear regression was performed. The coefficient of determination was
calculated.

It could be observed that Ejy values show an important dependence with the
RAP material and the rejuvenator contents and penetration of the corresponding
binder blends, RZ = 0.842. The increase of the RAP material content leads to an
increase of Ey with the increase of penetration of the corresponding binder blends. A

reverse was observed when the rejuvenator content increase.
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Figure 3.46. Glassy modulus Ey of mixtures as a function of binder blends
penetration.

3.7.4.3 Link between binders and mixtures: SHStS transformation

By using the SHStS transformation (Section 1.54, equation 1.40) the LVE
behaviour of a bituminous mixture can be predicted from the LVE behaviour of the
corresponding binder. Also, the inverse procedure is valid, regardless of the aggregate
skeleton. The SHStS transformation is presented in Section 1.5.4.
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Complex modulus values obtained from the 2PT bending tests for all 13
bituminous mixtures were normalized to corresponding parameters Ey and Egg

which are reported in Table 3.22.

The same procedure was applied for the complex modulus values obtained
from the DSR tests reported in Chapter 2 for the corresponding binder blends.

As an example, the normalized Cole-Cole curves and the plots of the
normalized norm of complex modulus as a function of the normalized phase angle
were plotted in Figure 3.47 for the mixture D.50.R.0.2 and its corresponding binder
blend 50/70+50%RAP+5%Rej.
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Figure 3.47. (a) Normalized Cole-Cole curves for mixture D.50.R.0.2 and the
corresponding binder blend 50/70+50%RAP+5%Rej; (b) Normalized Black curves for
mixture D.50.R.0.2 and the corresponding binder blend 50/70+50%RAP+5%Rej in
logarithmic scale.

As it could be observed, due to the fact that the DSR measurements on
binders were limited, the tests were performed only at intermediate and high
temperatures, a reasonable superposition is not obvious.

Therefore, by using the normalized values of the complex modulus and the
two parameters Eg and Egpg and the parameter o, the SHStS transformation was

applied in order to simulate the LVE behaviour of mixtures from the DSR data obtained
for the corresponding binders. Based on the above comment, the 2S2P1D model that
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was fitted on the experimental data obtained for the mixtures was used in order to
highlight if the SHStS transformation is valid or not.

As shown in Section 2.6.2.1 some constant values for k and & were used for
all binder blends do to the fact that DSR test were performed only at high
temperatures. Therefore, in order to apply the SHStS transformation the values of
parameters kK and & obtained for the mixtures were reintroduced in case of the

corresponding binder blends.
Thus, for each mixture and for each corresponding binder blend the same
WLF constants and same values of k, 8, h and B parameters were considered.

In order to determine the values for the parameter «, the WLF constants

which are shown in Chapter 2 were used in order to calculate the values of the ¢
parameter of all biner blends at the same reference temperature (15°C) which was
used in case of mixtures. Equations 1.39 and 1.40 were used. 2S2P1D parameters for
both mixtures and binder blends are reported in Table 2.23.

The values of Ey, Egg and a which were used to apply the SHStS

transformation are reported in Table 3.24. Also, the variation of the parameter o
with the increase of the RAP and rejuvenator contents was investigated, as shown in
Figure 3.48.
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Figure 3.48. Parameter « variation with the RAP content for all binder blends and
bituminous mixtures.

No clearly tendencies of the parameter a with the increase of the RAP content
or with the increase of the rejuvenator content is observed. This suggests that the
parameter o which is defined as the ratio between 7 values obtained for the biner
blends and the corresponding mixtures is not directly related to the RAP content or
the rejuvenator content in the mixtures. This aspect can be influenced by the fact that
all the mixtures considered in this research presents the same granular curve.
According to Di Benedetto et al. (2004) [130], Olard and Di Benedetto (2003) [129],
Mangiafico (2014) [71] this variation of the parameter « can be explained by the
fact that it depends on the design of mixtures and the aging process that can occur
on the binder during the mixing process.
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Table 3.23. 2S2P1D parameters values used for mixtures and binder blends (Trr=15°C).

_ _ Kk h o B Thinder Trmix
Binder blend Mixture ) ) ) ) (s) (s)

50/70 D.0.R.0 0.277 0.633 2.35 124 3.85x105 0.184
50/70+25%RAP D.25.R.0 0.262 0.626 2.02 166 | 9.29x10°5 0.233
50/70+25%RAP+5%Rej D.25.R.0.2 0.262 0.629 2.37 158 6.40x10°5 0.312
50/70+25%RAP+10%Rej D.25.R.0.4 0.267 0.643 2.11 132 3.82x10°5 0.131
50/70+25%RAP+15%Rej D.25.R.0.6 0.268 0.635 2.38 120 2.73x105 0.182
50/70+50%RAP D.50.R.0 0.253 0.620 2.16 235 1.63x10 0.258
50/70+50%RAP+5%Rej D.50.R.0.2 0.265 0.625 2.28 195 6.97x105 0.298
50/70+50%RAP+10%Rej D.50.R.0.4 0.268 0.633 1.86 145 3.66x10°5 0.097
50/70+50%RAP+15%Rej D.50.R.0.6 0.274 0.638 2.63 124 1.69%10°5 0.198
50/70+75%RAP D.75.R.0 0.254 0.614 2.36 310 3.80x10 0.468
50/70+75%RAP+5%Rej D.75.R.0.2 0.288 0.624 2.32 238 1.31x10% 0.180
50/70+75%RAP+10%Rej D.75.R.0.4 0.292 0.633 1.51 166 2.29x105 0.040
50/70+75%RAP+15%Rej D.75.R.0.6 0.239 0.641 2.69 125 1.77x105 0.532
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Table 3.24. Parameters that were used for the SHStS transformation for mixtures and
their corresponding binder blends.

Binder blend Mixture Eoo’mlx Eo’mlx a
(MPa) (MPa)
50/70 D.0.R.0 10 19000 | 3.68
50/70+25%RAP D.25.R.0 15 19300 | 3.40
50/70+25%RAP+5%Rej D.25.R.0.2 o 15 18720 | 3.69
50/70+25%RAP+10%Rej | D.25.R.0.4 | £ E 10 19400 | 3.54
50/70+25%RAP+15%Rej | D.25.R.0.6 | = o 10 17500 | 3.82
50/70+50%RAP D.50.R.0 ‘ﬁ § 15 20600 | 3.20
50/70+50%RAP+5%Rej D.50.R.0.2 & I 15 19400 | 3.63
50/70+50%RAP+10%Rej | D.50.R.0.4 3 5 10 18900 | 3.42
50/70+50%RAP+15%Rej | D.50.R.0.6 § E 10 17600 | 4.07
50/70+75%RAP D.75.R.0 &3 3 25 21900 | 3.09
50/70+75%RAP+5%Rej D.75.R.0.2 = 15 20000 | 3.14
50/70+75%RAP+10%Rej | D.75.R.0.4 10 19280 | 3.24
50/70+75%RAP+15%Rej | D.75.R.0.6 10 14500 | 4.48

As an example, for the mixture D.50.R.0.2 and the corresponding binder blend
50/70+50%RAP+5%Rej, the plots obtained by applying the SHStS transformation
together with the experimental data obtained from the 2PT complex modulus tests on
the mixtures and the 2S2P1D model fitted on the experimental data, are reported in
Figure 3.49 and Figure 3.50. The temperature shift factors and the WLF curves for
both, binder and mixture, are reported in Figure 3.51.

Similar plots were built for all the other materials. All plots are reported in
Appendix 2 from Figure A2.19 to Figure A2.78.

It was observed that the SHStS transformation works satisfactory in order to
predict the LVE behaviour of mixtures from the experimental results obtained for the
corresponding binder blend. Although the experimental result on binders are limited,
it could be observed that the obtained prediction of the mixture is well fitted on the
2S2P1D model which was fitted only on the experimental measurements on mixtures.
Therefore, in order to better investigate the SHStS transformation of binder behaviour
to mixtures a larger set of data on the binders must be considered in a future work,
such as DSR tests performed at low temperatures.
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Figure 3.49. Simulation of LVE behaviour from DSR tests on binder blend 50/70 +
50% RAP + 5% Rej for mixture D.50.R.0.2 by using SHStS transformation: (a) Black
curves; (b) Cole-Cole curves.
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Figure 3.50. Simulation of LVE behaviour from DSR tests on binder blend 50/70 +
50% RAP + 5% Rej for mixture D.50.R.0.2 by using SHStS transformation: (a) ‘E*‘
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Figure 3.51. Temperature shift factors and WLF curves for the binder 50/70 + 50%
RAP + 5% Rej and mixture D.50.R.0.2.

3.7.4.4 Complex modulus of bituminous mixtures at 15°C and 10Hz
3.7.4.4.1 Effect of RAP material and rejuvenator contents

In order to better highlight the effects of the RAP material and of the
rejuvenator an investigation on the obtained values for the norm of the complex
modulus at 15°C and 10Hz was performed.

As mentioned in the previous section, the void content was determined for
each tested specimen by performing hydrostatic measurements.

In order to better observe the effects of the RAP material and the rejuvenator

the values of ‘E*‘ at 15°C and 10Hz were normalized with respect to the results
obtained for the conventional mixture D.0.R.0.
All ‘E*‘ at 15°C and 10Hz values and the void content of each trapezoidal

specimen from Table 3.20 and their mean values, together with the normalized values
for all tested bituminous mixtures are reported in Table 3.25.
All values of the void content are rounded to the nearest 0.10% and the values

of ‘E*‘ are rounded to the closest ten.

Also, the mean values obtained for each type of bituminous mixture regarding

the ‘E*‘ at 15°C and 10Hz values and the normalized ‘E*‘ values are plotted in

histogram form in Figure 3.52.
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Table 3.25. Two-point bending complex modulus test results and the normalized

values of ‘E*‘(ISC’C,IOHZ) for all considered bituminous mixtures.

. Average £* w1
s ety e e e
' ' (%) content (15°C,10Hz) (MPa) (15°C, 10Hz)
(%) (MPa)
4.50 8230
D.0.R.0 4,70 8180 1.00
4.90 8120
5.00 8630
D.25.R.0 5.10 8740 1.07
5.10 8840
4,90 8640
D.25.R.0.2 4.80 8520 1.04
4,70 8400
4.30 8180
D.25.R.0.4 4.30 8120 0.99
4.30 8060
3.60 7520
D.25.R.0.6 3.70 7550 0.92
3.80 7580
5.70 9680
D.50.R.0 5.60 9530 1.17
5.50 9370
4,90 9100
D.50.R.0.2 4.90 8780 1.07
4.90 8460
3.90 8020
D.50.R.0.4 3.80 8030 0.98
3.70 8040
2.90 7390
D.50.R.0.6 2.90 7370 0.90
2.90 7350
6.20 10820
D.75.R.0 6.30 10260 1.25
6.40 9700
5.30 8610
D.75.R.0.2 5.20 9190 1.12
5.10 9770
3.50 7480
D.75.R.0.4 3.30 7680 0.94
3.00 7870
2.30 6550
D.75.R.0.6 2.20 6620 0.81

2.10 6690
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Figure 3.52. Two-point bending complex modulus test results (average values of two

specimens) for all considered bituminous mixtures: (a) ‘E*‘ values at 15°C and 10Hz;

(b) normalized ‘E*‘ values at 15°C and 10Hz with respect to the conventional HMA

D.0.R.0.

As expected,

E*‘ at 15°C and 10 Hz values are increasing with the increase

of the RAP material content. Similar tendency was observed for the void contents
results.

The influence of the rejuvenator was observed by the fact that complex
modulus values are decreasing with the increase of the rejuvenator content for the
same amount of RAP material within the mass of the mixture.

From the normalized ‘E*‘ values it could be observed that the mixtures

produced with 0.4% rejuvenator by mass of the RAP material, independently of the

RAP material content present, similar ‘E*‘ values to the one obtained for the

conventional mixture. A small decrease of the normalized ‘E ‘ values for the above-

mentioned mixtures was observed. This trend can be explained by the fact that the
rejuvenator content was calculated as a percentage of the RAP material content.
Therefore, the increase of the RAP material content corresponds also to an increase
of the rejuvenator content.

In order to better highlight these tendencies and the effects of the RAP

material and the rejuvenator on values of ‘E*‘ at 15°C and 10Hz, in Figure 3.53 ‘E*‘

values at 15°C and 10Hz are presented as a function of the RAP material content.
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Figure 3.53. Norm of complex modulus at 15°C and 10Hz obtained for all bituminous
mixtures as a function of the RAP material content.

As a general comment, it could be observed that ‘E*‘ values at 15°C and

10Hz for the mixtures produced with the same amount of rejuvenator by mass of the
bituminous mixtures show a linear relation with the RAP material content. Therefore,
linear regressions were performed on the obtained results for all mixtures produced
with the same amount of rejuvenator of 0%, 0.2%, 0.4% and 0.6%, by mass of the

RAP material. R? values were determined for each regression. The

E*‘ values plotted

versus RAP material content show a decrease of the RZ values with the increase of
the rejuvenator content.

Besides, it could be observed that for the mixtures produced with 0.2%
rejuvenator by mass of the RAP material present a similar tendency as the ones
obtained for the mixtures produced without rejuvenator.

‘E*‘(15°C,10Hz) values obtained for the mixtures produced with 0.4%

rejuvenator by mass of the RAP material are closer to those obtained for the
conventional HMA. However, a small decrease of ‘E*‘(15°C,10Hz) value could be

observed with the increase of the RAP material content.

These observed tendencies indicate the capability of this mix of vegetal oil to
rejuvenate the hard-aged RAP binder from the RAP material and finally to provide a
bituminous mixture with similar properties of those obtained for the conventional
HMA.
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On the other side, for the mixtures produced with 0.6% rejuvenator by mass
of the RAP material, an inverse effect can be observed by the change of the slope.
This trend can be explained by the fact that the rejuvenator content is calculated with
respect to RAP material content.

It could be observed that the values of the void content obtained for the
mixtures produced with the same amount of RAP material of 25%, 50% and 75% and
different rejuvenator content, show a decrease with the increase of the rejuvenator

content. For this reason, E*‘(15°C,10Hz) were corrected using the formula 3.26

according to Delorme et al. [199]. As an arbitrary void content, a reference void
content of 5.8% was chosen for the correction. Equations 3.27 and 3.28 were used in

order to determine the void content difference and the corrected ‘E*‘(15°C,1OHZ)

values.

A|E"|(15°C, 10Hz) = (310 b - 2000) - 4V (3.26)
where:

AlE" (15°C,10Hz) - the norm of complex modulus at 15°C and 10 Hz difference;

b - the binder content by weight of aggregates and RAP material;
AV - the void content difference with respect to the reference void content.

AV =Vpeasured — 5-80 (3.27)

where:
Vimeasured — the mean measured value void content for each type of mixture;

5.80 - the chosen reference void content.

X X *
E"|(15°C,10M2) oy rocreq = || (15°C, 10H2)  pcireq ~ AJE | (15°C, 10H2) (3.28)
where:
E* (15°C,1OHz)measured - the measured values of norm of complex modulus at 15°C
and 10 Hz;
E (15°C'10Hz)corrected - the corrected values of horm of complex modulus at 15°C
and 10 Hz.

It must be mentioned that the formula 3.26 was developed for a specific
mixture analysed by Delorme et al. [199]. The validity of this formula for other
mixture it was nor proved. Therefore, the corrected values determined in this work
were used only as an indication.

All the experimental values of ‘E*‘ (15°C,10Hz) and void content together with

the binder content by weight of the aggregates and the corrected values of ‘E*‘ for

all considered mixtures are reported in Table 3.26.
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Table 3.26. Two-point bending complex modulus test results and the normalized

values of ‘E*‘(ISC’C,IOHZ) for all considered bituminous mixtures.

Experimental measured values Corrected values
Bit. mix. Void ‘E*‘(:LSOC,].OHZ) Binder F:ontent by E* (15°C,10HZ)
content (%) weight of

(MPa) aggregates (%) (MPa)
D.0.R.0 4.70 8180 5.93 7160
D.25.R.0 5.10 8740 5.93 8060
D.25.R.0.2 4.80 8520 5.99 7660
D.25.R.0.4 4.30 8120 6.04 6960
D.25.R.0.6 3.70 7550 6.09 6100
D.50.R.0 5.60 9530 5.93 9320
D.50.R.0.2 4.90 8780 6.04 8080
D.50.R.0.4 3.80 8030 6.14 6870
D.50.R.0.6 2.90 7370 6.25 6230
D.75.R.0 6.30 10260 5.93 10730
D.75.R.0.2 5.20 9190 6.09 8780
D.75.R.0.4 3.30 7680 6.25 6680
D.75.R.0.6 2.20 6620 6.41 6310

All corrected ‘E*‘(15°C,10Hz) values obtained for each series of mixtures

produced with the same RAP material content of 25%, 50% and 75% and different
rejuvenator content of 0.2%, 0.4% and 0.6% are plotted in histogram form in Figures
3.54, 3.55 and 3.56.

Mixtures
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D.0.R.0

*
[E[(150c, 101z Values
content

corrected for a 5.8% void

0 2000

4000
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8000 10000

[E*| (15°C, 10 Hz) (MPa)

0D.0.R.0OED.25.R.0mD.25.R.0.2®D.25.R.0.40D.25.R.0.6

Figure 3.54. Two-point bending complex modulus test results for mixtures produced
with 25% RAP and different dosages of rejuvenator and the conventional mixtures:
corrected values of |E*| at 15°C and 10 Hz for a 5.8% void content.
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Figure 3.55. Two-point bending complex modulus test results for mixtures produced
with 50% RAP and different dosages of rejuvenator and the conventional mixtures:
corrected values of |E*| at 15°C and 10 Hz for a 5.8% void content.
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Figure 3.56. Two-point bending complex modulus test results for mixtures produced
with 75% RAP and different dosages of rejuvenator and the conventional mixtures:
corrected values of |E*| at 15°C and 10 Hz for a 5.8% void content.

As it could be observed in Figure 3.54, Figure 3.55 and Figure 3.56 for a
specific void content of 5.8% (identical value considered for all mixtures) similar
tendencies were obtained with the increase of rejuvenator content. A similar comment
can be done here regarding the mixtures produced with 0.4% rejuvenator.

As a final conclusion, it could be observed that all tendencies presented in this
section partially confirms the conclusions of Chapter 2.
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3.7.4.4.2 |E*| at 15°C and 10Hz of the mixtures obtained from
corresponding binder blends behaviour and the three SHStS
constants

In this section, the norm of complex modulus at 15°C and 10 Hz of the
bituminous mixtures presented in Table 3.7, were calculated from their corresponding
binder blends behaviour and with the three SHStS constants (Ep, Egg and a values

presented in Table 3.24).
For the calibrated 252P1D model on the experimental results of the binder a

reference temperature of 15°C was considered. The real part (El binder) and the
imaginary part (E pjnder) Of norm of complex modulus of the binder blends were

calculated by using equations 3.29 and 3.30 for a frequency of 102+1 (values of «
are reported in Table 3.24). The values of 2S52P1D parameters used in equations 3.29
and 3.30 are those presented in Table 3.23 and Ey, Egg from Table 3.24 for the

binder blends. As Eyq is nil for all binders the following equation were written without
this parameter.

ofaor o) or'o

[1+5(wr)7k cos(ﬁ},(wr)fh Cos(hlﬂz {é(wrfk sin(ﬁ}(wr)fh sin(ﬁ]+(w‘gr)—1} (3.29)
2 > X :

E1 binder = 2

Eg {(Y(wr)ik sin(%r}f(wr)*h sin[h—;}r(wﬁr)fl}
[1+6(a)r)_k cos[%r}(wr)_h cos(h—zﬂﬂz +[a‘(wr)_k sin[%}r((m)_h sin(k{}(wﬁr)_l}

Therefore, equations 3.31 and 3.32 were used in order to determine the
simulated real and imaginary parts of the norm of complex modulus for the mixtures.

The values of |E"|(15°C, 10Hz)

E2 pinder = > (3.30)

mix simulated Were calculated by using equation 3.33.

Results are reported in Table 3.27 together with the experimental results.

El binder (3.31)

Ey (150C/ 1OHZ)mix simulated — EOO,mix + (EO,mix - Eoolmix) En 1
0,binder

E2 binder (3.32)

E> (1 5°C, IOHz)mix simulated ~ (EO,miX - EOO,miX) En pi
0,binder

* 2 2
‘E ‘(15°C,10Hz)mix simulated = \/(El mix simu/ated) * (EZ mix simu/ated) (3.33)
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Table 3.27. Experimental and simulated values of |E”|(15°C,10Hz) for all bituminous

mixtures (Campaign 2).

E"|(15°C, 10Hz) (MPa)

. Experimental Simulated
Mixture

values values
D.0.R.0 8180 8263
D.25.R.0 8740 9152
D.25.R.0.2 8520 8691
D.25.R.0.4 8120 8279
D.25.R.0.6 7550 7456
D.50.R.0 9530 9552
D.50.R.0.2 8780 9146
D.50.R.0.4 8030 8087
D.50.R.0.6 7370 7292
D.75.R.0 10260 10682
D.75.R.0.2 9190 9219
D.75.R.0.4 7680 7608
D.75.R.0.6 6620 6598

Figure 3.57 shows a correlation plot between the simulated and experimental
values of the norm of complex modulus at 15°C and 10 Hz of the 13 types of
bituminous mixtures. A linear regression was performed and the coefficient of

determination R? was determined. As it could be observed a good correlation was
obtained, the simulated results are significantly close to the experimental ones. This

satisfactory correlation is proven by the R? value of 0.981.
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Figure 3.57. Norm of complex modulus at 15°C, 10 Hz of all bituminous mixtures
(Campaign 2): experimental vs. simulated results.
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In order to better highlight this correlation, the relative errors between the
experimental (‘E*‘(15°C,10Hz)

|

were calculated for all 13 mixtures by using equation 3.34.

. ) and the simulated
mix exp.

E"|(15°C,10Hz)

mix simulated

) results of norm of complex modulus at 15°C and 10Hz

E*|(15°C,10Hz) E”|(15°C, 10Hz)

mix exp.

mix simulated x
E"|(15°C, 10Hz)

Error =

100 (3.34)

mix exp.

The calculated relative errors were plotted in Figure 3.58. As it could be
observed, for all mixtures from Campaign 2 the errors between the experimental and
the simulated results of the norm of complex modulus at 15°C and 10Hz are always
lower than 5%.

Therefore, the method used to simulate the values of the norm of complex
modulus at 15°C and 10Hz of the bituminous mixtures from their corresponding
binder blends behaviour and with the three SHStS constants can be considered valid
for the 13 mixtures considered in this study.
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Figure 3.58. Error between experimental and simulated results of the norm of complex
modulus at 15°C, 10Hz of all bituminous mixtures (Campaign 2).

3.7.4.4.3 Relation between experimental |E*| values at 15°C and
10Hz of mixtures and pen. values of the corresponding binder blends

It this section the possible relation between the experimental norm of complex
modulus values determined at 15°C and 10 Hz for mixtures and the penetration
results obtained for the corresponding binder blends is investigated.

Therefore, ‘E*‘(15°C,10Hz) values for the mixtures which are

mix exp.

reported in Table 3.27 are plotted as a function of the penetration values of the
corresponding binder blends, reported in Section 2.5.1 in Table 2.6, in Figure 3.59. A
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linear regression is performed. The coefficient of determination is determined for the
performed regression.
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Figure 3.59. Norm of complex modulus at 15°C and 10 Hz values of all bituminous
mixtures (Campaign 2) versus penetration values of the corresponding binder blends.

A good relationship between these two parameters was found (R2 = 0.983).

The norm of complex modulus of the bituminous mixtures shows an important
dependence of RAP material and rejuvenator contents and also the penetration of the
corresponding binder blends.

As described in Section 2.5.2, the penetration values of binder blends were
estimated by using a blending rule starting from experimental results obtained for the
base constituents. A good correlation between the experimental and the estimated
result by 2" estimation method (equation 2.8) of penetration was observed.

It worth mentioning that for the investigation of the relation between the

‘E*‘(ISOC,IOHZ) values for the mixtures and the estimated values of penetration for

the binder blends the Figure 3.60 is plotted.
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Figure 3.60. Norm of complex modulus at 15°C and 10 Hz values of all bituminous
mixtures versus estimated penetration values of the corresponding binder blends.

A small decrease of the coefficient of determination is observed, however, a

good relation is found (R2 value of 0.965). Therefore, it can be concluded that for
the tested materials the norm of the complex modulus values at 15°C and 10 Hz of
mixtures presents a good relationship with penetration of the corresponding binder
blends.

3.8 Conclusions

In this chapter, the experimental plan regarding the bituminous mixtures was
divided in two campaigns. In the first campaign, seven types of HMA, produced only
with virgin materials, were investigated in order to determine the optimal binder
content of the mix considered as the conventional mix. This content is used in the
second campaign. A series of tests were performed on these seven types of mixtures
were performed according to the Romanian Standards. Based on the obtained results
the percentage of 5.6% binder content was considered to be the optimal one.

In the second campaign, twelve bituminous mixtures produced with different
amounts of RAP material (25%, 50% and 75% RAP material) with or without
rejuvenator (0%, 0.2%, 0.4% and 0.6% by mass of the RAP material). The
conventional HMA was considered as reference.

All 13 bituminous mixtures considered in Campaign 2 have the following
common characteristics:

» continuous 16 mm grading curve;

» 5.60% total binder content by weight of the final mix not including here

the rejuvenator;
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» the RAP material used for each mix has the same proportion: 25% RAP 0-
8 mm + 75% RAP 8-22.4 mm. The binder content of this RAP material
mix, measured trough extraction and recovery is 4%.

It is important to notice that the binder blends of the different mixture types
are the sane than the ones tested in Chapter 2. Then the general effect of binder on
mixture properties could be a focus of the study. However, it is important to mention
that the binder blends investigated in Chapter 2 were perfectly blended in the
laboratory. Even if the percentages between fresh, RAP binder and rejuvenator are
the same, some differences between these perfect blends (Chapter 2) and the blends
from the mixtures can occur.

A series of tests were performed on the mixtures considered in the second
Campaign were performed to highlight the influence/effect of the rejuvenator and RAP
material on the thermomechanical properties of the final bituminous mixtures.

Regarding the Marshall characteristics it was observed that the effect of
increasing the RAP material content conduced to a stiffer behaviour of the bituminous
mixtures, thus stability increases as expected. The influence of increasing the
rejuvenator content conduced to a reverse effect which can counterbalance the effect
of the RAP material. Some linear relationship with the RAP material content for the
bituminous mixtures produced with the same amount of rejuvenator was observed,
with exception of the results recorder for the stability.

The IT-CY tests were performed at four temperatures starting from 10°C up
to 25°C and the experimental results obtained for the stiffness modulus were
investigated in order to highlight the influence of the RAP material and rejuvenator.
The conclusion of the test results indicates that the effect of increasing the RAP
material content conduced to an increase of stiffness. Also, the influence of the
temperature was observed where the increase of temperature leads to a linear
decrease of the stiffness modulus. On the other side, the increase of the rejuvenator
content within the mass of mixtures corresponds to a reverse effect as stiffness is
decreasing with the increase of the rejuvenator content.

It is interesting to note that regarding the cyclic compression with
confinement test, the values of the final deformation hygggg and values of £1g000

obtained for each series of mixtures produced with the same amount of rejuvenator
by mass of the RAP material, presents approximatively the same tendency, the slope
of each linear regression is approximatively the same. It seems that hygggg and

£10000 Values are direct proportionally with the rejuvenator content. This remark is

not valid in case of the creep rate.

For the mixtures produced without rejuvenator, a small increase of the creep
rate was observed with the increase of the RAP material content for a nearly horizontal
linear regression. The rate of the increase of the f. values is higher for the other

series of bituminous mixtures produced with 0.2%, 0.4% and 0.6% rejuvenator. This
can be observed by the incrementation of the slope of the linear regressions. These
tendencies can be explained by the fact that the rejuvenator content is calculated as
a percentage of the RAP material. Therefore, the increase of the RAP material content
corresponds to an increase of the rejuvenator content.

For all above parameters (Marshall characteristics, stiffness modulus and
£10000) the relation between them and the penetration of the corresponding binder
blends was investigated. Some strong relations were found for the mixtures/binder

blends produced with the same RAP material/binder content (25%, 50% and 75%).
However, the global relation between these parameters and penetration is not so
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strong. These tendencies could be explained by the fact that most probably the use
of the RAP material leads to a change of the grading curves of the final mixtures. Also,
the use of the same energy compaction of all mixtures, the rejuvenator content which
was established as a function of the mass of the RAP material and the difference
between the density of the RAP aggregates and the density of the virgin aggregates
lead to these results.

Complex modulus tests were performed in strain control with the imposed
strain loading amplitude of 50 um/m at seven temperatures starting from -5°C up to
25°C at a frequency range from 0.5 Hz to 20 Hz.

The data presented in Cole-Cole and Black diagrams are located on a unique
curve, independently of the test temperature and frequency, for each of the
considered mixtures. This means that the time temperature superposition principle
(TTSP) is valid for all tested bituminous mixtures and moreover they can be
considered as thermorheologically simple materials even when containing the
rejuvenator.

As expected, the master curves and ar shift factors of the blends produced

without rejuvenator are falling away from the corresponding master curves of the

conventional one. ‘E ‘ values are increasing with the increase of RAP material content

and ¢ values are decreasing with the increase of RAP material content. On the other

side, the increase of the rejuvenator content into the blends corresponds to master
curves and shift factors progresively approaching to those of the conventional
mixture.

Experimental data were fitted with 2S52P1D model. It was observed that
252P1D parameters and the ar shift factors of mixtures do not appear to follow a

clear tendency with the increase of the RAP material and rejuvenator contents. This
observation is in contrast with the linear tendencies of these parameters with the RAP
binder content which were observed for the corresponding binder blends. The glassy
modulus Ey of mixtures presents a satisfactory relation with the penetration of the

corresponding binder blends.

SHStS transformation was applied. A satisfactory prediction was obtained
even by using the limited DSR measurements on binders. 2S2P1D model was used in
order to better highlight the eficacity of the prediction. Although the experimental
result on binders are limited, it was observed that the obtained prediction of the
mixture is well fitted on the 252P1D model which was fitted only on the experimental
measurements on mixtures. Therefore, in order to better investigate the SHStS
transformation of binder behaviour to mixtures a larger set of data on the binders
must be considered in a future work.

Regarding the ‘E*‘ at 15°C and 10 Hz values, the influence of the rejuvenator

was observed by the fact that complex modulus values are decreasing with the
increase of the rejuvenator content for the same amount of RAP material within the

mass of the mixture. From the normalized ‘E*‘ values it could be observed that the

mixtures produced with 0.4% rejuvenator by mass of the RAP material, some close

‘E*‘ values to the one obtained for the conventional mixture, were obtained. A small

decrease of the normalized ‘E ‘ values for the above-mentioned mixtures was
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observed. This trend can be explained by the fact that the rejuvenator content was
calculated as a percentage of the RAP material content. Therefore, the increase of the
RAP material content corresponds also to an increase of the rejuvenator content.

The values of ‘E*‘ at 15°C and 10Hz for the mixtures produced with the same

amount of rejuvenator by mass of the bituminous mixtures show a linear relation with

the RAP material content. A satisfactory relation between ‘E*‘ values at 15°C and 10

Hz obtained for the mixtures and the penetration values of the corresponding binder
blends was found (R2 = 0.983).

On the other hand, the norm of complex modulus at 15°C and 10 Hz of the
bituminous mixtures from Campaign 2 were simulated from their corresponding
binder blends behaviour 