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« Depuis que la gare du railway d’Orléans a envahi les terrains de la Salpêtrière, les 

antiques rues étroites qui avoisinent les fossés Saint-Victor et le Jardin des Plantes 

s’ébranlent, violemment traversées trois ou quatre fois chaque jour par ces courants 

de diligences, de fiacres et d’omnibus qui, dans un temps donné, refoulent les maisons 

à droite et à gauche ; car il y a des choses bizarres à énoncer qui sont rigoureusement 

exactes, et de même qu’il est vrai de dire que dans les grandes villes le soleil fait 

végéter et croître les façades des maisons au midi, il est certain que le passage 

fréquent des voitures élargit les rues. Les symptômes d’une vie nouvelle sont évidents. 

Dans ce vieux quartier provincial, aux recoins les plus sauvages, le pavé se montre, 

les trottoirs commencent à ramper et à s’allonger, même là où il n’y a pas encore de 

passants. Un matin, matin mémorable, en juillet 1843, on y vit tout à coup fumer les 

marmites noires du bitume ; ce jour-là on put dire que la civilisation était arrivée rue 

de l’Ourcine et que Paris était entré dans le faubourg Saint-Marceau » 

 

Victor Hugo, «Les Misérables» 
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Abstract 

The investigation presented in the dissertation has been carried out in collaboration 

between Université de Lyon/École Nationale des Travaux Publics de l'État (ENTPE), 

EIFFAGE Travaux Publics (ETP) and BP.  The objective of the study is the characterization 

of mechanical performances of bituminous binders and mixtures produced with Reclaimed 

Asphalt Pavement (RAP). Linear ViscoElastic (LVE) and fatigue resistance properties have 

been investigated. In particular, the relation between thermomechanical properties of binders 

and related mixtures has been studied. For each mixture, the corresponding binder blend was 

produced, by mixing the base bitumen with RAP-extracted binder in the same proportions. 

These blends were tested to further investigate the relation between binder and mixture 

properties. 

LVE and fatigue resistance performances of bitumens were obtained by means of 

Dynamic Shear Rheometer (DSR) and tension-compression Métravib® tests. Two-point 

bending and tension-compression tests were performed on bituminous mixtures. A new 

protocol for tension-compression tests on mixtures was also developed to isolate and quantify 

biasing effects occurring during laboratory fatigue tests because of cyclic loading. 

The experimental workload has been shared between ENTPE, ETP and BP. Three 

comprehensive experimental campaigns, called Campaign A, Campaign B1 and Campaign 

B2, have been carried out. Campaign A focuses on the quantitative estimation of the influence 

of RAP material content and fresh added binder penetration grade on complex modulus and 

fatigue resistance properties of bituminous materials. Campaign B1 consists in a qualitative 

evaluation of the influence of the variation of some mixture design parameters on complex 

modulus and fatigue properties of bituminous mixtures containing 20% of RAP material. 

Campaign B2 is a complement to Campaign B1. It is specifically focused on the influence of 

bitumen nature on mechanical performances of bituminous mixtures, also containing 20% of 

RAP material. 
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Several different bitumens were used, including unmodified and modified straight-run 

and air-rectified bitumens. A recycling agent was added to some mixtures of Campaign A to 

evaluate its effects on material properties. One mixture was produced by using a perfect blend 

of base and RAP bitumens as binder. A total of 27 binders (including base bitumens, RAP-

extracted binder and bitumen blends) and 44 mixtures were used in the study, including 

commonly used and innovative materials. 

Regarding Campaign A, results obtained for complex modulus tests on bitumens and 

mixtures were modeled using 2S2P1D (2 Springs, 2 Parabolic elements, 1 Dashpot) model. A 

new method is proposed to estimate LVE properties of bitumen blends over the whole range 

of frequency and temperature. Test results obtained for bitumens and mixtures suggest the 

possibility of incomplete blending between base and RAP binders within mixtures. Two-point 

bending complex modulus and fatigue test results of mixtures were statistically analyzed 

using a response surface methodology. A statistical analysis was also performed on two-point 

bending complex modulus and fatigue test results obtained on mixtures of Campaign B1. 

Mixture design factors significantly affecting LVE and fatigue resistance properties were 

isolated. 
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Résumé 

Les préoccupations de développement durable ont pris une place majeure au sein de 

l'industrie de la construction, qui se tourne progressivement vers des pratiques plus 

respectueuses de l’environnement. Ceci est notamment valable pour l’industrie  de la 

construction routière, dont les techniques ont considérablement évolué au cours des dernières 

décennies. En particulier, le recyclage des matériaux bitumineux apparaît comme un aspect 

clé de la construction durable dans le domaine de la route, pour des raisons environnementales 

mais aussi économiques. L'utilisation d'agrégats d'enrobé, en anglais, « Reclaimed Asphalt 

Pavement » (RAP) est devenue une pratique courante, permettant d'importantes réductions de 

matières premières (granulats et bitume). Cependant, il reste une importante marge 

d'amélioration. Les taux de recyclage sont encore relativement faibles, rarement au delà  de 

60%. En outre, l'utilisation de hautes teneurs en RAP ne peut être considérée comme une 

pratique durable que si la durabilité des structures de chaussées est maîtrisée. 

Dans ce contexte, des efforts sont portés sur la recherche pour l'utilisation du RAP. Des 

taux plus élevés de recyclage sont visés dans les enrobés tout en essayant d'assurer des 

performances de haut niveau. Pour atteindre cet objectif, la sélection des différents 

composants et l'optimisation des paramètres de formulation jouent un rôle essentiel. Or, les 

pratiques de recyclage actuellement utilisées par l'industrie routière sont encore partiellement 

empiriques. Les procédures de formulation ne sont pas encore suffisamment affinées pour 

prendre en compte toutes les caractéristiques de performances des matériaux. Des avancées 

théoriques et technologiques doivent permettre de répondre aux questions que  sont la 

nécessité d'augmenter le taux de recyclage, de caractériser et modéliser l'influence du RAP sur 

les propriétés du mélange et de prédire les performances des enrobés à partir des propriétés du 

bitume d'apport et du liant vieilli présent dans le RAP. Il est particulièrement intéressant de 

souligner que certaines études montrent une amélioration des performances des enrobés 

bitumineux avec l'ajout d'agrégats d'enrobés lors de leur fabrication. Cette observation indique 

que l'utilisation de matériaux recyclés peut être aussi bien un avantage qu'une nécessité. 
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Au cours de cette thèse, les recherches ont été menées dans le cadre d'une collaboration 

entre l'Université de Lyon/École Nationale des Travaux Publics de l'État (ENTPE) et les 

entreprises EIFFAGE Travaux Publics et BP. 

L'objectif de l'étude est la caractérisation des performances mécaniques des liants 

bitumineux et des enrobés produits avec agrégats d'enrobé. Leurs propriétés ViscoÉlastiques 

Linéaires (VEL) et de résistance à la fatigue ont été investiguées. En particulier, la relation 

entre les propriétés thermomécaniques des liants et des enrobés correspondants a été étudiée. 

Pour chaque enrobé, le mélange de liants correspondant a été fabriqué, en mélangeant le 

bitume de base avec le liant extrait du RAP, dans les mêmes proportions. Ces mélanges ont 

été testés afin d'étudier la relation entre les propriétés de l'enrobé et celles du liant. 

Les caractéristiques mécaniques des bitumes, que ce soit les propriétés VEL ou la 

résistance à a la fatigue, ont été obtenues à l'aide d'essais au « Dynamic Shear Rheometer » 

(DSR) et d'essai en traction/compression à l'appareil Métravib®. Des essais en « flexion deux 

points » et en traction/compression ont été réalisés pour les enrobés bitumineux. 

Trois campagnes expérimentales d’envergure, appelées Campagne A, Campagne B1 et 

Campagne B2, ont été effectués. L'objectif principal de la Campagne A est d'estimer 

quantitativement l'influence de la teneur en RAP (0%, 20%, 40% et 60%) et de la classe de 

pénétrabilité du bitume d'apport (15/25, 35/50 et 70/100) sur les propriétés VEL et de fatigue 

des matériaux bitumineux. La Campagne B1 consiste en une évaluation qualitative de 

l'influence de plusieurs paramètres de formulation des enrobés (nature des granulats, courbe 

granulaire, nature du filler, teneur en liant et nature du liant) sur le module complexe et la 

résistance à la fatigue des enrobés bitumineux contenant 20% d'agrégats d'enrobés. La 

Campagne B2 est un complément à la campagne B1. Elle se concentre plus particulièrement 

sur l'influence de la nature du bitume sur les performances mécaniques des enrobés 

bitumineux, contenant également 20% de matériau RAP. 

À partir des résultats expérimentaux obtenus et aux analyses menées, les conclusions 

suivantes ont été tirées. 

Pour ce qui concerne les propriétés VEL : 

 Des essais de module complexe ont été effectués au DSR (de -17,6°C à +70°C et de 

0,01 Hz à 100 Hz) sur tous les bitumes de Campagne A (trois bitumes d'apport, le 

liant extrait du RAP, et neuf mélanges de liants). Les valeurs de module complexe 

obtenues à basses températures apparaissent plus faibles que prévu. La raison de ces 

incohérences est liée aux limitations expérimentales de l'appareil DSR à basse 

température. Pour cette raison, des essais de traction/compression ont été réalisés sur 

les mélanges à base du bitume d’apport 35/50 et du liant extrait du RAP à l'aide d'un 

appareil Métravib®. Les données Métravib® ont été utilisées pour remplacer les 

données DSR obtenues à des températures inférieures à +10°C, obtenant ainsi des 

nouveaux jeux de données DSR+Métravib. Les résultats expérimentaux obtenus sur 
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ces ensembles de données apparaissent plus cohérentes avec les valeurs attendues et 

la littérature. 

 Les données obtenues pour tous les mélanges ont été modélisées avec succès à l'aide 

du modèle 2S2P1D, développé au sein de l'équipe de recherche de l'ENTPE. Pour 

tous les mélanges, les paramètres 2S2P1D et les coefficients de translation (« shift 

factors », en anglais) aT montrent des variations progressives avec l'augmentation de 

la teneur en liant RAP (à toute température). En particulier, les paramètres E0, δ et β 

suivent une évolution linéaire avec la teneur en liant extrait du RAP dans le mélange, 

tandis que le paramètre τ0 et les shift factors aT suivent une évolution logarithmique. 

Les paramètres h et k ne varient pas sensiblement. Une dispersion non négligeable a 

été observée pour le paramètre E0 obtenu sur la base de données DSR. 

 Pour les mélanges de liant produits avec le liant de base 35/50, les données obtenues 

avec le DSR ainsi que les données issues du DSR+Métravib ont été modélisées. Des 

valeurs différentes ont été obtenues pour les paramètres 2S2P1D selon les données 

utilisées (DSR ou DSR+Métravib). Cependant, l’évolution des paramètres en 

fonction de la teneur en liant extrait du RAP, soit linéaire soit logarithmique est 

conservée. Seuls les coefficients utilisés pour représenter ces évolutions diffèrent. 

Une réduction significative de la dispersion des données a pu être observée lorsque 

les données DSR+Métravib ont été utilisées. 

 Grâce aux tendances observées, une méthode est proposée pour estimer les 

paramètres 2S2P1D et les coefficients de translation aT des mélanges de bitumes, à 

partir des valeurs de ces paramètres pour les bitumes de base (bitume d'apport et 

bitume extrait du RAP) et de leur proportion dans le mélange. Les paramètres 

2S2P1D et les aT de tous les mélanges ont été simulés avec cette nouvelle méthode. 

Pour les mélanges produits avec le bitume de base 35/50, les paramètres ont été 

estimés en utilisant d’une part les valeurs obtenues à l'aide de données DSR et 

d’autre part les valeurs issues des données DSR+Métravib. Les courbes de Black et 

de Cole-Cole et les courbes maîtresses de tous les mélanges ont été recalculées à 

l'aide des paramètres estimés, montrant une correspondance satisfaisante avec les 

courbes originales superposées avec les données expérimentales. Par conséquence, il 

est conclu que la précision de cette méthode de simulation, n'est pas affectée par les 

limitations expérimentales des mesures DSR à basse température. Une analyse 

statistique a été également réalisée pour évaluer les niveaux de confiance de la 

prédiction des paramètres 2S2P1D et des coefficients de translation aT (évalués à 

60°C). Comme les données DSR+Métravib ne sont disponibles que pour un nombre 

restreint de mélanges, l'analyse a été réalisée pour les paramètres basés sur les 

données DSR. Des niveaux de confiance très élevés ont été trouvés pour les 

paramètres δ, β et τ0 (≥ 99,0%) et les coefficients de translation aT à 60°C (97,0%). 
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Cette méthode permet donc d’estimer le comportement viscoélastique des mélanges 

de bitumes produits avec différents liants d'apports et du liant extrait du RAP sur 

toute la gamme de température et de fréquence. 

 Une approche similaire a été suivie pour les enrobés bitumineux. Neuf enrobés de la 

Campagne A ont été testés (huit enrobés produits avec les liants de base 15/25, 35/50 

et 70/100, contenant de 0% à 60% de RAP, et un enrobé 100% RAP, produit avec le 

seul liant extrait du RAP). Des essais de module complexe en traction-compression 

ont été réalisés (à des températures imposées de -25°C à 40°C et de 0,001 Hz à 10 

Hz). Le modèle 2S2P1D a été calibré sur les données de module complexe obtenues 

pour tous les enrobés et simule parfaitement les comportements observés. Cependant, 

contrairement aux observations faites pour les bitumes, les paramètres 2S2P1D et les 

coefficients de translation aT résultant ne montrent pas de tendances claires avec la 

teneur en RAP. Afin d'évaluer les liens entre le comportement des enrobés et celui 

des liants correspondants, les valeurs de τ0 des mélanges de bitumes et des enrobés 

on été spécifiquement étudiées. Ces valeurs ont été normalisées par rapport aux 

valeurs obtenues pour, respectivement, les bitumes de base et les enrobés ne 

contenant pas d'agrégats d'enrobés. Les évolutions différentes des valeurs 

normalisées de τ0 observées ont conduit à l'hypothèse d'un mélange incomplet entre 

le liant RAP et le liant d'apport dans l'enrobé pour des teneurs élevées de RAP. 

Pour ce qui concerne le module complexe |E*| à 15°C, 10 Hz (obtenu à l’aide d‘essais de 

flexion deux points pour les enrobés et d’essais DSR pour les bitumes) : 

 Les valeurs de module complexe |E*| à 15°C, 10 Hz ont été obtenues pour l'ensemble 

des 21 enrobés de la Campagne A. Parmi eux, douze enrobés de la Campagne A ont 

été formulés à partir d’un plan d'expérience factoriel complet 3141, en considérant la 

teneur en RAP comme un facteur à quatre valeurs (0%, 20%, 40% et 60%) et la 

classe de pénétrabilité du liant d'apport comme un facteur à trois valeurs (15/25, 

35/50 et 70/100) étant. Pour l’analyse des résultats de ces douze enrobés, une surface 

de réponse a été calibrée sur les valeurs des modules complexes (|E*| à 15°C, 10 Hz). 

L’équation quadratique de la surface permet d’approcher de manière satisfaisante (R2 

égal à 0,983) les valeurs de module complexe de tous les enrobés testés, dans le 

domaine considéré de classes de pénétrabilité du liant d'apport et de teneur en RAP. 

Le coefficient traduisant l'interaction entre les deux facteurs considérés s'est avéré 

statistiquement significatif. Cette observation est confirmée par le fait que les 

courbes de niveaux d'iso-module de la surface de réponse ne sont parallèles à aucun 

des deux axes. 

 L'influence de l'ajout d'un agent de recyclage sur les propriétés VEL des enrobés a 

également été étudiée. Les valeurs de |E*| (obtenues avec des essais de flexion deux 

points à 15°C, 10 Hz) de sept enrobés de la Campagne A produits avec l'agent de 
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recyclage sont légèrement inférieures aux valeurs mesurées pour les mélanges sans 

l’agent correspondant. Des variations minimales ou négligeables des valeurs de |E*| 

avec la teneur en RAP sont observées pour les enrobés produits avec l'additif. 

L’explication probable de ce résultat, est liée au fait que le dosage de l'agent de 

recyclage (dont l'effet est similaire à celui d'un fluxant) a été fixé en rapport à la 

teneur en bitume RAP inclus dans l'enrobé. Par conséquence, les enrobés avec une 

teneur plus élevée en RAP ont aussi une teneur plus élevée en additif. 

 Afin d'étudier le degré de mélange entre bitume d'apport et liant RAP dans les 

enrobés bitumineux, le cas nommé en littérature comme « mélange parfait » a été 

reproduit. Cela consiste en un enrobé produit avec agrégats d'enrobés, dans lequel le 

liant RAP et le bitume d'apport sont parfaitement mélangés. Pour cette opération, il a 

été décidé de préparer un mélange similaire à celui, déjà inclus dans le plan 

expérimental de la Campagne A, contenant 60% d'agrégats d'enrobés et avec le 

bitume de base 70/100. Pour la production de l'enrobé « parfait », une extraction 

complète du liant RAP a été effectuée à partir de la quantité d'agrégats d'enrobés 

nécessaire pour la fabrication. Le liant RAP a ensuite été mélangé avec le bitume de 

base 70/100 dans les mêmes proportions que dans l'enrobé "ordinaire". Enfin, les 

granulats RAP (désenrobés du liant RAP), les granulats d'apport et le mélange « 

parfait » de bitumes ont été réunis et les procédures de fabrication habituelles ont été 

suivies. Les essais de module complexe en flexion deux points ont ensuite été 

réalisés. Les résultats obtenus ont été comparés avec ceux de l'enrobé produit de 

façon classique et ceux de l’enrobé produit de façon classique et contenant l'agent de 

recyclage. Des valeurs différentes de |E*| (à 15°C, 10 Hz) ont été trouvées pour les 

trois enrobés, ce qui joue ainsi en faveur de l'hypothèse d'un mélange incomplet entre 

le bitume d'apport et le liant RAP dans l'enrobé fabriqué classiquement. 

 Une analyse statistique a été menée pour les résultats des essais de module complexe 

(|E*| à 15°C, 10 Hz) obtenus pour les 16 mélanges de la Campagne B1. Cette 

campagne expérimentale a été bâtie sur la base d'un plan d'expérience factoriel 

fractionnaire 25-1, avec cinq facteurs prenant chacun deux valeurs: nature des 

granulats (calcaire ou basalte), type de courbe granulaire (continue ou discontinue), 

nature du filler (calcaire ou chaux hydratée), teneur en liant (4,35% ou 5,35%) et 

nature du liant (35/50 ou 35/50 B). Une analyse statistique de variance ANOVA      

(« ANalyse Of VAriance », en anglais) a été réalisée afin d'estimer la significativité 

de la variation de niveau de chaque facteur vis-à-vis du module complexe des 

enrobés. Les interactions potentielles entre la teneur en liant et tous les autres 

facteurs ont été également prises en compte. Tout les paramètres de formulation des 

enrobés se sont révélés statistiquement significatifs en ce qui concerne le module 

complexe. En particulier, la nature du liant et sa teneur apparaissent être 
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mutuellement dépendants. En outre, en dépit de plusieurs résultats trouvés dans la 

littérature, l'utilisation de chaux éteinte comme filler ne semble pas entraîner une 

augmentation de module complexe par rapport aux enrobés produits avec du filler 

calcaire classique. 

 Huit mélanges ont été produits dans la cadre de la Campagne B2, en utilisant 

différents types de bitumes d'apport, modifiés ou non. Tous les enrobés ont une 

teneur en RAP de 20%. Pour chaque enrobé, le mélange de liants correspondant a été 

reproduit, similairement à ce qui a été fait dans la Campagne A. Des essais de flexion 

deux points ont été menés afin d'obtenir, pour chaque enrobé, le module complexe 

|E*| à 15°C, 10 Hz. Des essais DSR ont été effectués sur tous les bitumes de base et 

les mélanges de liants, pour un total de 16 bitumes testés. Les résultats obtenus pour 

les bitumes et les enrobés ont été comparés. Le module complexe des enrobés varie 

considérablement selon les différents liants de base utilisés. Toutefois, aucune 

correspondance claire entre les valeurs obtenues pour les bitumes et les enrobés n'a 

été observée. En outre, le classement des bitumes et des enrobés selon leurs valeurs 

de module complexe ne semblent pas correspondre.  

Pour ce qui concerne les propriétés de fatigue : 

 Des essais DSR ont été réalisés sur sept bitumes de la Campagne A (trois bitumes de 

base, le liant extrait du RAP et trois mélanges de bitumes contenant 40% de liant 

RAP). Pour chaque bitume, 8 à 14 échantillons ont été testés à différents niveaux de 

déformation (distorsion). Pour chaque échantillon, le nombre de cycles 

correspondant à la rupture ou à une réduction de 50% du module complexe de 

cisaillement initial a été retenu comme la durée de vie. Les courbes de Wöhler ont 

été obtenues pour tous les bitumes et les paramètres de résistance à la fatigue 

correspondants, γ6 et 1/b ont été déterminés, respectivement l'amplitude de 

déformation de cisaillement donnant lieu à une durée de vie de 1000000 de cycles et 

la pente de la courbe de Wöhler. 

 Des essais de fatigue en flexion deux points (à 10°C, 25 Hz) ont été menés sur les 

enrobés de la Campagne A. Pour chaque enrobé, 18 échantillons ont été testés à 

différents niveaux de déformation. La duré de vie de chaque échantillon a été 

déterminée comme le nombre de cycles correspondant à la rupture ou, le cas échéant 

à une réduction de 50% du module complexe par rapport à la valeur initiale. Les 

paramètres de fatigue ε6 (niveau de déformation estimé correspondant à une durée de 

vie de 1000000 cycles) et 1/b (pente de la courbe de Wöhler) ont été déterminés pour 

chaque enrobé. 

 L'ajout de RAP dans les enrobés n'a pas entraîné une détérioration des paramètres de 

résistance de fatigue obtenus. En particulier, la plupart des mélanges contenant des 
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agrégats d'enrobés montrent des valeurs de ε6 égales ou supérieures d’une part à 

celles des enrobés fabriqués avec le même liant de base sans RAP et d’autre part à 

celle de l'enrobé 100% RAP. La même tendance a été observée pour le paramètre 

1/b. En outre, cinq des neuf enrobés contenant du RAP (sauf l'enrobé 100% RAP) 

remplissent les conditions requises pour les Enrobés à Module Élevé (EME). 

 Les valeurs de ε6, γ6 et 1/b obtenues pour les bitumes et les enrobés contenant du 

RAP ont été normalisées par rapport aux valeurs obtenues pour les matériaux sans 

RAP. Les valeurs normalisées de ε6 et 1/b obtenues pour les enrobés ont été tracées, 

respectivement, contre les valeurs de γ6 et 1/b obtenues pour les bitumes 

correspondants. Des mauvaises corrélations ont été observées, ce qui indique que 

l'influence de l'ajout de RAP sur les paramètres de fatigue ε6 et 1/b des enrobés ne 

peut pas être directement estimée à partir de la variation des paramètres de fatigue γ6 

et 1/b des bitumes correspondants. 

 Similairement à ce qui a été fait pour les valeurs de module complexe, les paramètres 

ε6 et 1/b obtenus pour les douze enrobés de la Campagne A constituant le plan 

factoriel 3141 (en fonction de la classe de pénétrabilité du bitume d'apport et de la 

teneur en RAP) ont été approchés à l'aide de surfaces de réponse. Un modèle 

quadratique similaire à celui utilisé pour les résultats des essais de module complexe 

n’a pas permis d’approcher de manière satisfaisante les valeurs de ε6. En raison du 

nombre limité de points de données disponibles, seulement un coefficient du 

troisième ordre a pu être ajouté à l'équation du modèle. La meilleure approximation 

obtenue présente une valeur de R2 égale à 0,707. Au contraire, les valeurs de 1/b ont 

été convenablement approchées par le précédent modèle quadratique (R2 égal à 

0,879). Le coefficient relatif à la classe de pénétrabilité ainsi que celui relatif à la 

teneur en RAP sont statistiquement significatifs. En outre, les courbes de niveau de 

la surface de réponse de 1/b ont tendance à être de plus en plus parallèles à l'axe de la 

teneur en RAP, au fur et à mesure que la pénétrabilité du liant d'apport décroit. Cette 

observation suggère que l'influence de la teneur en RAP sur la pente de la courbe de 

Wöhler des enrobés devient négligeable lorsque les valeurs de pénétration du liant 

RAP et du bitume d'apport sont similaires. 

 L'utilisation de l'agent de recyclage a entraîné une amélioration des valeurs du 

paramètre ε6 pour la plupart des enrobés de la Campagne A fabriqués avec une teneur 

RAP égale ou supérieure à 40%. Les valeurs du paramètre 1/b obtenues pour tous les 

enrobés contenant l'additif sont plus élevées que celles des enrobés correspondants 

sans l'agent de recyclage. 

 Les paramètres ε6 et 1/b obtenus pour l'enrobé produit avec le bitume d'apport 70/100 

et 60% de RAP ont été comparés avec les valeurs obtenues pour l'enrobé 
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correspondant avec l'agent de recyclage et pour l'enrobé « parfait ». Les trois 

matériaux montrent des valeurs différentes. En particulier, le ε6 de l'enrobé                

« régulier » est inférieur à la valeur de l'enrobé produit avec l'agent de recyclage et 

supérieur à la valeur obtenue pour l'enrobé « parfait ». Le paramètre 1/b montre un 

plus large éventail de variation. Toutefois, à ce stade aucune conclusion ne peut être 

tirée sur le degré de mélange entre le liant RAP et le bitume d'apport dans les enrobés 

bitumineux à partir de leurs paramètres de fatigue ε6 et 1/b. 

 Les paramètres ε6 et 1/b obtenus pour les enrobés de la Campagne B1 ont été soumis 

à une analyse statistique, avec la même procédure suivie pour les valeurs de module 

complexe. L'influence des facteurs de formulation choisis (et les interactions entre la 

teneur en liant et tous les autres facteurs) a été estimée en effectuant l'analyse 

ANOVA. Le paramètre ε6 semble être sensiblement influencé par la nature des 

granulats, la courbe granulaire et l'interaction entre la teneur en liant et la nature du 

liant. Pour les enrobés contenant le bitume de base 35/50, l'augmentation de la teneur 

en liant n'a pas entraîné une amélioration de ε6 comparable à celle observée pour les 

enrobés fabriqués avec le liant 35/50 B. Comme déjà observé pour le module 

complexe, l'utilisation de la chaux éteinte comme filler n'a pas provoqué 

d’amélioration de ε6. Aucune conclusion définitive n’a pu être tirée à propos de 

l'influence des facteurs de formulations d'enrobés sur le paramètre de fatigue 1/b, 

puisque l'équation de régression utilisée pour l'analyse n'a pas permis d’approcher de 

manière satisfaisante les données expérimentales. 

 Des essais de fatigue DSR et en flexion deux points ont été réalisés pour, 

respectivement, les huit enrobés et les 16 bitumes de la Campagne B2. Des valeurs 

inférieures de γ6 ont été obtenues pour les mélanges de bitumes contenant 20% de 

RAP par rapport aux bitumes de base correspondants. Au contraire, le paramètre 1/b 

ne semble pas être influencé par l'ajout de liant extrait du RAP. Concernant les 

enrobés, les paramètres ε6 et 1/b montrent des variations importantes entre les 

matériaux testés, selon la nature du liant de base utilisé. Quoique la modification 

SBS semble améliorer les performances de fatigue des bitumes et des enrobés 

correspondants, l'augmentation de la teneur en polymères SBS n'a pas donné lieu à 

une amélioration significative du paramètre ε6. 

 Un nouveau protocole d'essai en traction-compression (appelé ALFABET,                

« Advanced Laboratory Fatigue And Biasing Effects Test », en anglais, essai avancé 

de laboratoire pour la fatigue et les effets biaisant) a été développé. Il permet d’isoler 

et de quantifier les effets biaisant (non-linéarité, échauffement et thixotropie) et les 

variations non récupérées des propriétés VEL survenant lors des essais de fatigue en 

laboratoire. Ces phénomènes apparaissent notamment lors des essais sur enrobés 

bitumineux à cause du chargement cyclique. La procédure d'essai mise en œuvre se 
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décompose en deux parties. La première partie consiste en une série d'essais de 

module complexe à des températures imposées et des niveaux de déformation allant, 

respectivement, de 8°C à 14°C et de 50 µm/m à 110 µm/m. Les résultats obtenus 

permettent d’évaluer les variations de |E*| et φ avec la température et le niveau de 

déformation appliqués à l'aide d'équations de régression. Dans la deuxième partie de 

la procédure d'essai, cinq boucles de fatigue de 100000 cycles chacune sont réalisées, 

à un niveau de déformation imposé de 100 µm/m. Après chaque période de fatigue, 

une période de repos de 24 heures est maintenue. Au cours de cette partie de la 

procédure, la température de l'enceinte thermique est toujours maintenue à 10°C. De 

brefs essais de module complexe sont effectués à intervalles réguliers au cours des 

périodes de repos, afin de surveiller l’évolution de |E*| et φ. Enfin, un dernier 

chargement cyclique est appliqué jusqu'à la rupture de l'échantillon (boucle finale de 

fatigue), similairement à un essai de fatigue classique. Les températures de surface et 

interne de l'échantillon sont mesurées tout au long de l’essai, afin de prendre en 

compte le phénomène d'échauffement, due à la dissipation d'énergie visqueuse. Au 

cours de chaque boucle de fatigue, une augmentation significative de la température 

interne des échantillons a été observée. Pendant les périodes de repos de 24 heures, la 

température diminue rapidement et rejoint sa valeur initiale, qui correspond à la 

température de l'enceinte thermique. Les résultats obtenus confirment que 

l'augmentation de la température interne est reliée à la dissipation de l'énergie 

visqueuse. L'essai ALFABET a été mené sur six enrobés sélectionnés des 

Campagnes A et B2. En raison de la durée de l'essai, seul un échantillon a été testé 

pour chaque matériau, à l'exception de l'enrobé produit avec le liant de base 35/50 et 

20% de RAP, pour lequel deux échantillons ont été testés. Une estimation 

quantitative des différents effets biaisant et des variations non récupérées des 

propriétés VEL observées pendant les boucles de fatigue a été réalisée. Pour trois 

enrobés, seulement des conclusions limitées ont pu être tirées, puisque les 

échantillons ont atteint la rupture prématurément, au cours des premières boucles de 

fatigue. En outre, pour deux de ces trois enrobés, la rupture s'est produite à l'extérieur 

de la zone de mesure des extensomètres, tandis que pour le troisième un écart 

excessif a été observé entre les signaux enregistrés par chaque extensomètre. Pour 

ces raisons et afin d'éviter d'interpréter des données expérimentales potentiellement 

non représentatives des propriétés des matériaux, les conclusions ont été tirées 

uniquement pour les enrobés A.40.35-50 (bitume de base 35/50 et 40% de RAP), 

B2.20.35-50B (bitume de base 35/50 B et 20% de RAP) et B2.20.Orthoprène 

(bitume de base Orthoprène® et 20% de RAP). Les analyses effectuées sur les 

résultats des essais ALFABET ont mené aux conclusions suivantes : 
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− L'estimation des effets biaisant ne montre pas de différences significatives 

selon le paramètre VEL utilisé pour l'analyse (|E*| ou φ). 

− 90% des variations totales observées au cours de chaque boucle de fatigue 

(considérée séparément) sont complètement réversibles. Pour cette raison, 

il est absolument nécessaire de distinguer entre la restauration des 

propriétés du matériau après un endommagement réel et la simple 

récupération de variations réversibles des propriétés VEL, lorsque le 

phénomène du soi-disant « healing » des matériaux bitumineux est étudié. 

− Parmi les variations réversibles des propriétés VEL, les contributions 

principales sont dues à la non-linéarité et à la thixotropie. L'échauffement 

a un effet remarquablement moins important (approximativement égal à 

10% des variations totales). 

− Après le même nombre de cycles de chargement appliqués, les effets 

biaisant affectent les performances des enrobés A.40.35-50 et 

B2.20.Orthoprène de manière plus importante que l'enrobé B2.20.35-50B. 

Par conséquence, des variations non récupérées plus importantes de |E*| et 

φ sont observées pour cet enrobé par rapport aux deux autres matériaux. 

L'enrobé B2.20.Orthoprène est le plus sensible aux effets de non-linéarité 

(plus que 50% du total des variations de |E*| et φ) et le moins atteint par 

les effets de thixotropie. Les tendances opposées sont observées pour 

l'enrobé A.40.35-50. En outre, parmi les trois matériaux considérés, cet 

enrobé montre les plus grande variations des propriétés VEL dues à 

l'échauffement, tandis que moins de 10% des variations totales de |E*| et φ 

observées pour les enrobés B2.20.35-50B et B2.20.Orthoprène sont 

expliquées par ce phénomène. 

− Les variations non récupérées de |E*| et φ observées pendant la première 

boucle de fatigue (100000 cycles) sont plus importantes que les variations 

observées lors des boucles suivantes. 

− Les résultats de la boucle de fatigue finale de l'essai ALFABET ont été 

analysés pour déterminer la durée de vie de fatigue des échantillons. 

Quatre critères ont été utilisés : DER (« Dissipated Energy Ratio », en 

anglais, rapport d'énergie dissipée), maximum de l'angle de phase et des 

critères locaux, liés aux écarts relatifs de l'amplitude de déformation       

(±25%) et de l'angle de phase (±5°) entre les trois extensomètres. La durée 

de vie de fatigue Nf a été déterminée comme la moyenne des valeurs des 

quatre durées de vie obtenues avec chaque critère. Les variations de |E*| et 

φ tout au long de l’essai ont été analysées en termes d'endommagement. 

L'approche DIIIC, développé à l'ENTPE, a été appliquée pour corriger les 
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résultats de l'essai ALFABET des effets biaisant. Les résultats obtenus ont 

été comparés avec les estimations des effets biaisant effectués pendant les 

cinq boucles de fatigue et les périodes de repos correspondant. Les deux 

analyses donnent des résultats cohérents. Les valeurs corrigées ne 

montrent pas une augmentation significative de l'endommagement 

pendant les premières quatre boucles de fatigue, alors qu'ils indiquent une 

détérioration rapide des propriétés VEL au cours de la cinquième et 

surtout de la boucle de fatigue finale. 

− Des valeurs corrigées d'endommagement à la rupture différentes ont été 

obtenues pour les trois enrobés considérés. 

 Plusieurs points de l'étude méritent un approfondissement de l'investigation. En 

particulier : 

 La méthode proposée pour estimer les propriétés VEL des mélanges de bitumes est 

prometteuse mais elle nécessite une validation avec un plan d'expériences plus vaste. 

 Le degré de mélange des liants dans les enrobés produits avec agrégats d'enrobés 

devrait être l'objet d'études approfondies. Des modèles analytiques et des simulations 

numériques (tels que des modèles discrets ou le « Self Consistent Model », en 

anglais, modèle auto-cohérent) peuvent être utilisés pour tenir compte des différentes 

conditions de mélange, afin de comparer les résultats avec les données 

expérimentales. 

 Une investigation plus approfondie devrait également être menée sur les relations 

entre les propriétés mécaniques des liants et des enrobés. En particulier, les 

correspondances entre les performances de fatigue des enrobés et les propriétés des 

bitumes doivent être analysées. 

 Les résultats des essais ALFABET doivent être validés sur un plus grand nombre 

d'échantillons et d'enrobés. Des comparaisons avec des essais équivalents sur les 

bitumes et les mastics correspondant sont à considérer. L'influence des périodes de 

repos sur la caractérisation en laboratoire de la résistance à la fatigue est un enjeu clé. 

Un développement ultérieur de la procédure d'essai peut également être considéré, en 

prenant en compte des durées différentes pour les périodes de repos. Les mécanismes 

d'endommagement semblent être d'une importance primordiale pour comprendre le 

phénomène de la fatigue. Les différences entre le « healing » des fissures et la 

récupération des variations réversibles des propriétés VEL devraient être étudiées. 
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Introduction 

Environmental issues have acquired a major role among guiding principles of 

construction industry, which is progressively turning towards sustainable practices. This is 

particularly valid for road paving industry, whose techniques have substantially evolved 

during the last decades. In particular, recycling of bituminous materials is a key aspect of 

sustainable construction in the road domain, for both environmental and economical reasons. 

Use of Reclaimed Asphalt Pavement (RAP) has become a very common practice, allowing 

for important reductions of energy and material. However, substantial room for improvement 

remains. Recycling rates are still relatively low, rarely passing 60%. Moreover, the use of 

high RAP contents does not represent a sustainable practice unless durability of pavement 

structures is not granted. 

Ever-increasing attention and research efforts are focused on the use of RAP material. 

Higher recycling rates are sought while trying to ensure quality performances of mixtures. For 

this purpose, mixture component selection and optimization of mixture design parameters 

play an essential role. Moreover, recycling practices currently used by the paving industry are 

still partially empirical. Design procedures are not yet sufficiently refined to take into account 

all features of material performances. Bituminous materials, in fact, have an extremely 

complex behavior, which is at the same time challenging and fascinating. Research efforts 

must offer theoretical and technological advancements to support and foster the use of RAP. 

Particularly relevant issues are the needs to increase recycling rates, to characterize and model 

the influence of RAP on mixture properties and to predict mixture performances from binder 

properties of fresh and aged RAP binder. It is particularly interesting to remark that some 

studies show an improvement of performances of bituminous mixtures when RAP material is 

used. This observation indicates that the use of recycled material can also be an advantage, 

rather than a constraint.  

This thesis has been carried out within the framework of a collaboration between 

Université de Lyon/École Nationale des Travaux Publics de l'État (ENTPE), EIFFAGE 
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Travaux Publics (ETP) and BP.  The purpose of the study is the characterization of 

mechanical performances of bituminous binders and mixtures produced with RAP. Among 

the different aspects of the behavior of bituminous materials, the study focuses on Linear 

ViscoElastic (LVE) properties, in the small strain domain, and fatigue characteristics, when 

repeated loading is applied. The investigation is articulated in two parallel campaigns. The 

main objective of the first one is the evaluation of the influence of the addition of RAP 

material on LVE and fatigue properties of mixtures. The second one aims at identifying 

mixture design parameters mostly affecting performances of mixtures produced with recycled 

material. A complement to the second campaign was also carried out, specifically focused on 

the influence of bitumen nature on mixture properties. 

Particular attention is given to the relation between binder and mixture behaviors. For 

this reason, the experimental investigation was carried out both on bitumens and mixtures. 

Bitumen blends between fresh and RAP-extracted binders were also studied. Several different 

commonly used materials, as well as innovative materials, were tested. A significant 

experimental effort was produced by four distinct laboratories, pertaining to the three partners 

participating to the research project. Different types of tests were performed, from classical 

empirical tests, used by paving industry, to advanced laboratory tests. A new test protocol was 

also developed to evaluate reversible variations of LVE properties occurring during laboratory 

fatigue tests, generally confounded with fatigue damage. Obtained test results were analyzed 

by applying rheological models and by performing statistical analyses. 

The dissertation is organized in different sections. After this introduction, a literature 

review is presented about bituminous material properties, tests commonly run and analyses 

performed to study their behavior, together with a brief overview about recycling process and 

RAP material characteristics. Afterwards, performed experimental campaigns, tested 

materials and test procedures are described. The two following chapters report obtained 

experimental results and analysis procedures followed, respectively, for LVE and fatigue 

properties of bitumens and mixtures. Finally, general conclusions of the study and 

perspectives for future research are presented. 
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1 Literature review 

1.1 Overview about bituminous binders 

1.1.1 Bitumen origin and production 

Some confusion is usually made around the definition of different materials generally 

defined as "hydrocarbon binders", characterized by the fact of being mostly composed by 

hydrogen and carbon. According to PIARC (Permanent International Association of Road 

Congresses) terminology, "the term [hydrocarbon binder] is not scientifically precise, in that 

all of the materials covered by it contain non-hydrocarbon components" (PIARC website). 

Therefore, a distinction should be made between pyrolysis (tar, pitch, etc…) and non-

pyrolysis materials. Non-pyrolysis materials are referred to as "bituminous binders". As the 

name suggests, these materials are adhesive materials containing bitumen, which 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" (PIARC website). 

The two main sources of natural bitumen are rock asphalt, defined as "mineral matter 

impregnated with bitumen by a natural process", and lake asphalt, defined as "a highly 

viscous natural asphalt found in well-defined surface deposits" (PIARC website). 

However, natural bitumen is scarcely used in road industry. The main source of bitumen 

for road application is crude oil refining. A limited number of crude oils are considered 

suitable to produce bitumen of adequate quality in commercial quantities (approximately 10% 

of the 1300 available crude oils) (Groupement Professionnel des Bitumes, 2013). In general, 

these are heavy crude oils with a high sulphur content. Common industrial practice often calls 

for multiple crude oil blending in order to achieve the desired product characteristics. 

Bitumen refining consists in separating lighter fractions from residues. Depending on 

crude sources and available equipment, several manufacturing methods are used, often 

combined (Figure 1.1). 
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Figure 1.1 – Bitumen refining process (Eurobitume website, after Groupement Professionnel 

des Bitumes, 2005). 

The most common refining process is straight reduction from crude oil using atmospheric 

and vacuum distillations. This process is based on the remarkable difference between 

molecular weights (thus, boiling points) of various crude oil components. Atmospheric 

distillation is first used to separate lighter fuel fractions from non-boiling components. This 

process is performed at temperatures ranging from 300°C to 350°C. The atmospheric residue 

is then fed to a vacuum distillation unit, in order to remove the last traces of lighter fractions 

and to avoid unwanted heat transformation (thermal cracking) of heavier molecules. Vacuum 

distillation is performed between 350°C and 425°C. 

Properties of final product change depending on crude oil and refining conditions. In 

order to achieve particular properties, different processes can be performed on straight run 

bitumens. 

Bitumen can be further processed by air rectification (blowing) at elevated temperatures 

(280°C on average) to alter its physical properties for commercial applications. The main 

objective of this process is increasing average molecular weight of bitumen components by 

means of oxidation reactions. In particular, asphaltene content (Section 1.1.2) increases 

significantly, leading to a variation of the colloidal structure. Depending on the degree of 

oxidation, two distinct types of product are obtained, according to the extent of the reaction: 

oxidized and air rectified bitumens. Oxidized bitumen is used for roofing applications, while 

air rectified bitumen is mainly used in paving applications. 

Solvent de-asphalting of bitumen is a common process performed on vacuum distillation 

residues, in order to separate the lubricant (paraffin) and bitumen components, without 

damaging their chemical structure. In fact, unlike air oxidation, the de-asphalting process does 
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not involve chemical reactions altering the molecular structure of the final product. Specific 

solvents (propane or butane) are used to obtain solution of solid paraffin and precipitation of 

polar and aromatic components. Bitumen is then obtained from the insoluble part after solvent 

evaporation (Eurobitume website). 

Depending on the refining and manufacturing processes used for production, several 

types of bituminous binders are available (Asphalt Institute & Eurobitume, 2011). The most 

common types of commercially available bitumen types are: 

 Pure/straight run bitumens: bitumens obtained only through atmospheric and vacuum 

distillation. 

 Cutback bitumens: bitumens whose viscosity has been temporarily reduced by 

adding volatile solvents, such as kerosene or petroleum naphta. 

 Fluxed bitumens: bitumens whose viscosity is reduced by adding non-volatile (or 

low-volatility) refining products, such as hydrocarbon solvents and oils. 

 Air-rectified bitumens: bitumens subjected to a blowing process after distillation, in 

order to increase the average molecular weight of components by increasing 

asphaltene concentration (Section 1.1.2). 

 Multi-grade bitumens: bitumens engineered by air rectification in order to lower their 

temperature sensitivity. Therefore, this type of binders shows properties typical of 

several grades (Section 1.1.4.1) at high and low temperatures (Herrington, Gribble, 

& Bentley, 2011). 

 Bitumen emulsions: emulsions in which the dispersed phase can be either bitumen in 

water or water in bitumen, depending on their relative concentrations. Different 

surfactant agents can be used (particle electrical charge can be either positive, 

negative or neutral), accordingly to the mineralogy of the aggregates used for 

production of bituminous mixtures. 

 Modified bitumens: binders whose performances have been engineered by adding 

one or more non-bituminous additives. 

Regarding modified bitumens, the most common types of additives are (Asphalt Institute 

& Eurobitume, 2011): 

 adhesion agents (fatty amine derivatives, imidazolines) 

 crumb (scrap tyre) rubber 

 polymers 

 polyphosphoric acid 

 sulphur 

 waxes 

 Warm Mix Asphalt (WMA) additives (surfactants, zeolite or waxes) 
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Among all types of modified bitumens, Polymer Modified Bitumens (PMBs) are a 

widespread solution used to improve performances of mixtures and avoid several pavement 

distresses. The two most common types of polymers used in the paving industry are SBS 

(Styrene-Butadiene-Styrene) and EVA (Ethylene Vinyl Acetate), which are, respectively, an 

elastomer and a plastomer. An elastomer is a polymer that exhibits a substantial elastic 

recovery when subjected to a strain lower than its rupture point. On the contrary, a plastomer 

is a polymer that does not exhibit such recovery (Asphalt Institute & Eurobitume, 2011). 

Consequently, polymer modification performed by means of SBS can have a remarkable 

influence on the rheological properties of the base bitumen, while EVA modification has a 

weaker effect (Stastna, Zanzotto, & Vacin, 2003; Zanzotto, Stastna, & Vacin, 2000). 

SBS can have a linear or radial molecular structure, with polystyrene blocks occupying, 

respectively, the two ends of a polybutadiene block or the vertices of a star structure. 

Moreover, the polystyrene blocks of distinct SBS molecules can unite and form a uniform 

network. In this case, SBS is said to be "crosslinked". The crosslinking dissolves at high 

temperatures but is completely reversible and its properties are not changed by repeated 

heating and cooling (Stastna et al., 2003). 

Polymer content of a PMB is usually between 2% and 7% by weight. Different phases 

can be identified in a PMB. In fact, when mixed to bitumen, polymers tend to absorb some of 

its maltene fractions (Section 1.1.2) and consequently swell. In contrast, asphaltenes are not 

absorbed by polymers. Therefore, a polymer-rich phase (containing some maltenes), an 

asphaltene phase and a residual maltene phase can be identified. If the material is observed 

through fluorescent microscopy, the polymer-rich phase appears in a light color, because of 

the aromatic oils absorbed, while asphaltenes and residual maltenes, forming what can be 

considered as a unique bituminous phase, appear dark. As it can be observed in Figure 1.2, for 

low polymer contents, the polymer-rich phase is dispersed in the continuous bituminous 

phase. When polymer content increases, the polymer-rich phase becomes more important and 

for high polymer contents the structure of the material changes, with the bituminous phase 

being dispersed in the continuous polymer-rich phase (Airey, 1999; Corté & Di Benedetto, 

2005). 
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(a)   (b)   (c)  

Figure 1.2 - Fluorescent microscopy images of a PMB with (a, left) 3% EVA, (b, center) 5% 

EVA and (c, right) 7% EVA (Airey, 1999). 

1.1.2 Bitumen chemical composition and structure 

As for all hydrocarbon binders, the two most important elements constituting bitumen are 

carbon (82-88%) and hydrogen (8-11%). Other elements are also present in lower 

concentrations, in particular sulfur (0-6%), oxygen (0-1.5%), nitrogen (0-1%) and traces of 

several heavy metals, such as vanadium, aluminum, iron, nickel, etc… (Read & Whiteoak, 

2003). 

Bitumen shows elastic characteristics (at service temperatures) typical of materials 

composed of high molecular weight species. However, if molecular weights are measured 

with techniques operating near the molecular levels, obtained values are relatively small. For 

this reason, it is generally assumed that some of the small molecules form strong associations 

and exhibit a behavior typical of high molecular weight compounds. Previous researches 

hypothesized that this high molecular weight-like behavior is due to polar and - bonds, 

weaker than covalent bonds, therefore sensible to changes in temperature and shear conditions 

(Petersen et al., 1994). 

Chemical structure of bitumen is usually studied by isolating component molecular types 

in terms of solubility (chemical functionality) and molecular size. Bitumen components are 

usually classified in four chemical groups (Corté & Di Benedetto, 2005; Corbett, 1969, as 

cited in Lesueur, 2009): 

 Asphaltenes: They are from 5% to 25% of the total mass of bitumen. It consists of 

the dark, amorphous, solid phase insoluble in n-heptane. The average molecular mass 

is high, between 1000 and 100000 g/mol, while size is between 5 and 30 nm. 

Asphaltene content significantly influences rheological behavior of bitumen, causing 

material properties to tend towards hard and viscous behavior. 
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 Resins: They represent between 13% and 25% of the total mass of bitumen. Their 

aspect is solid or semi-solid, with a dark color. Their average molecular mass is 

between 500 and 50,000 g/mol and their size is between 1 and 5 nm. This type of 

molecules has a marked polar nature, which is responsible for the adhesive properties 

of bitumen. 

 Aromatics: This type of aromatic molecules is the main bitumen constituent (40-

65%). Their aspect is a yellow to red, viscous liquid at room temperature. The 

average molecular mass is between 300 and 2000 g/mol. 

 Saturates: These light-colored, non-polar viscous oils, constituted by aliphatic 

hydrocarbons, represent between 5% and 20% of the total mass of bitumen.  

Resins, aromatics and saturates are referred to as "maltenes". 

Isolation of each of the four molecular types is performed by means of a method called 

SARA (Saturates, Aromatics, Resins and Asphaltenes) fractionation. After separating 

asphaltenes by precipitation in n-heptane, maltenes are divided in saturates, aromatics and 

resins by silica gel or alumina chromatography. 

Although the conclusions of the Strategic Highway Research Program (SHRP) found that 

bitumen is best described as "a relatively homogeneous and randomly distributed collection of 

molecules differing in polarity and molecular size" (Petersen et al., 1994), chemical structure 

of bituminous binders is usually considered as a colloidal system. According to this model, 

"high molecular weight asphaltene micelles are dispersed or dissolved in a lower molecular 

weight oily medium (maltenes)" (Read & Whiteoak, 2003). In particular, resins act as a 

peptizing agent for asphaltenes micelles, forming a thin layer on their surface and being 

partially adsorbed in their outer region. However, some micelles form agglomerates, whose 

size can reach hundreds of nanometers. Aromatics and saturates create an inter-micellar 

continuous phase (Figure 1.3). 
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Figure 1.3 – Colloidal structure of bitumen, with a detail about asphaltene micelle 

agglomerates and their molecular size (edited after Ramond & Such, 1990). 

If micelles are well dispersed (and therefore have a considerable mobility within the 

material), the structure is said to be of sol-type. On the contrary, if the degree of dispersion of 

asphaltene micelles is low, they show a strong agglomeration tendency and the bitumen is 

said to be gel-like (Traxler, 1961). Figure 1.4 shows schemes of sol- and gel-type binders. 

Binders having intermediate characteristics are defined sol-gel-types. Air-rectification and 

oxidation processes determine more marked gel-type characteristics of the final bitumen 

(Labout, 1950). 

The relative contents of resins, aromatics and saturates in the bitumen determine the 

degree of dispersion of asphaltenes micelles, thus varying between different binders. In fact, 

resins have a peptizing action, surrounding asphaltenes. If sufficient aromatics are present, 

they stabilize the dispersion of asphaltenes. On the contrary, saturates have little solvent 

capabilities towards asphaltenes, therefore if their relative proportion with aromatics 

increases, asphaltenes tend to aggregate (Airey, 2010). 
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(a)    (b)  

 

Figure 1.4 – Schematics of (a, left) sol-type and (b, right) gel-type binders (Read & Whiteoak, 

2003). 

In order to estimate the stability of the colloidal structure, Gaestel et al. (1971, as cited in 

Lesueur, 2009) introduced the colloidal index IC as: 

   

 IC=
xasphaltenes+xflocculants

xpeptizing agents
=

xasphaltenes+xsaturates

xresins + xaromatics
 (1.1) 

   

where xi is the mass content of the bitumen component i. Asphaltenes are considered as in 

their definition, while maltenes are divided into "flocculants" and "peptizing agents". 

Flocculants are the part of maltenes causing asphaltene flocculation, while peptizing agents 

are the part acting as a surfactant, therefore promoting asphaltene dispersion. Considering 

SARA fractionation procedure, as already stated, peptizing agents are aromatics and resins, 

while flocculants are saturates. 

The typical IC range for common types of bitumen is between 0.5 and 2.7. Binders 

having IC < 0.7 exhibit typical sol-type behavior, while binders with IC > 1.2 show evident 

gel-type properties (Lesueur, 2009). According to the colloidal model, properties of bitumen 

are influenced by the degree of dispersion. In particular, gel-type binders should exhibit low 

temperature susceptibility, marked thixotropic properties and a more elastic behavior with 

respect to sol-type binders (Traxler, 1961). 

1.1.3 Classical semi-empirical tests on bituminous binders 

Tests traditionally performed in Europe on bitumen aim to characterize materials by 

monitoring their response to specific test loading configurations and conditions, without 

measuring fundamental mechanical properties. For this reason, they are defined "semi-

empirical". The most common semi-empirical tests are described hereafter. 
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1.1.3.1 Softening point ("Ring and Ball") test (EN 1427:2007) 

EN 1427:2007 sets the standards for this test. The objective is to determine the so-called 

"softening point" of a bitumen, under a controlled rate of temperature increase of 5°C/minute. 

The softening point (called "Ring and Ball" temperature, TRB) is defined as the temperature at 

which a bitumen ring, loaded with the weight of a standard steel ball, reaches a specific 

deformation. A scheme of the test and a picture of the test device are shown in Figure 1.5. 

(a) (b)  

Figure 1.5 – (a, left) Scheme and (b, right) test device of softening point test on bitumen 

(University of Minho website). 

1.1.3.2 Penetration test (EN 1426:2007) 

This test is standardized by EN 1426:2007. It consists in evaluating the consistency of a 

bitumen by measuring the penetration (in tenths of a millimeter) of a standard needle, in a 

five-second time interval, in a bitumen sample. The total load applied by the needle is 100 g. 

A scheme of the test and a picture of a test device are shown in Figure 1.6. 

(a)     (b)  

Figure 1.6 – (a, left) Scheme and (b, right) test device of penetration test on bitumen 

(University of Minho website). 
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The test is performed at different temperatures. The penetration value used for bitumen 

classification (Section 1.1.4.1) is obtained at 25°C. 

The different penetration values obtained at different temperatures reflect the thermal 

susceptibility of bitumen. In order to quantify this susceptibility, Pfeiffer and Van Doormaal 

(1936), developed an equation relating temperature T and corresponding penetration P: 

   

 log P = AT + K (1.2) 

   

where A is a parameter representing temperature susceptibility and K is a constant. Equation 

(1.2) is based on the empirical observation that penetrability values of bitumen plotted in a 

logarithmic scale against temperature show a linear trend. According to the material, values of 

A range from 0.015 to 0.06. Given the variability of A, a simpler parameter, called 

Penetration Index (PI), was introduced as a function of A: 

   

 PI =
20(1 − 25A)

1 + 50A
 (1.3) 

   

PI varies from approximately -3 for highly temperature susceptible bitumens to 

approximately +7 for the least temperature susceptible bitumens (oxidized bitumens). 

Values of A can be obtained using penetration measurements at two different 

temperatures T1 and T2, respectively P at T1 and P at T2, as in the following equation: 

   

 A =
log P at T1 − log P at T2

T1 − T2
 (1.4) 

   

As observed by Pfeiffer and van Doormaal, most bitumens have a penetration of 

approximately 800 dmm at their softening point temperature. Thus, combining Equations 

(1.3) and (1.4), PI can be obtained as follows: 

   

 PI =
1952 − 500 log pen − 20 TRB

50 log pen − TRB − 120
 (1.5) 

   

where pen is the penetration value measured at 25°C. However, since the assumption of a 800 

dmm-penetration is an approximation and it is not valid for all bitumens, it is suggested to use 

Equation (1.4) to calculate the PI. 

1.1.3.3 Fraass breaking point test (EN 12593:2007) 

In this test, a 0.5 mm thick bitumen layer is applied on a thin steel plate (41 mm x 20 

mm) and it is repeatedly bent while decreasing temperature at a 1°C/minute constant rate. The 

temperature at which a crack appears on the sample is considered as the "breaking point" and 

it is used as an approximated measure of the threshold between ductile and fragile conditions. 

The standard concerning this test is EN 12593:2007. 
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1.1.4 Classification of bituminous binders 

Bitumen classification is carried out according to several physical and mechanical 

properties. Different criteria are followed, but the two most common methods are the 

Superpave Performance Grade, in the United States, and the classical European classification 

method. 

1.1.4.1 Standard European classification 

Paving grade bitumens are classified in penetrability classes mainly in terms of their 

penetrability value, measured as specified by European Norm EN 1426:2007 (Section 

1.1.3.1). EN 12591:2009 sets requirements for straight-run paving grade bitumens, while hard 

paving grade bitumens are standardized by EN 13924:2006. The latter will be replaced by 

standard drafts EN 13924-1 (for hard paving grade bitumens) and EN 13924-2 (for multigrade 

bitumens) 

As an example, 10/20 and 15/25 penetration grade bitumens are "hard" binders, 50/70 

and 70/100 bitumens are usually considered "semi-hard" binders and a 160/220 bitumen is 

defined as a "soft" binder. 

The main drawback of this kind of classification is the fact that binders are ranked 

according to results of a semi-empirical test that does not measure fundamental materials 

properties, performed only at one temperature. 

1.1.4.2 Superpave Performance Grade (PG) method 

This classification system has been developed in the United States in the framework of 

the SHRP (Anderson et al., 1994). It is a part of a wider specification for asphalt pavement 

design, called "Superpave" (Superior Performing Asphalt Pavements). Specific test methods 

were designed or adapted to measure true material properties instead of semi-empirical tests. 

For this reason, the classification system is called "Performance Grade" (PG). It relies on the 

concept of critical temperature, that is, the extreme temperature at which material properties 

allow specific road pavement distresses to occur. 

In this section, only the part of the Superpave design method focusing about binder 

classification is reviewed. Criteria for aggregate selection and mix design of bituminous 

mixtures are not described.  

Two specifications have been adopted by the American Association of State Highway 

and Transportation Office (AASHTO), regulating the Performance Grade binder classification 

system, AASHTO M320 and AASHTO MP1-a. Three main distresses are considered: 

permanent deformation or rutting (at high service temperatures), fatigue cracking (at 

intermediate service temperatures) and thermal cracking (at low service temperatures). The 
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assumption behind the whole method is that all of these distresses can be ascribed only to 

different binder properties, depending on temperature and aging characteristics. 

Binders are classified with two temperature values, corresponding to the high and low 

critical temperatures at which, respectively, permanent deformation and thermal cracking can 

occur in pavements built using them. As an example, a PG 64-22 binder has a high critical 

temperature of 64°C (at which rutting can occur) and a low critical temperature of -22°C (at 

which thermal cracking can occur). 

Mechanical parameters necessary to estimate critical temperatures are measured by 

means of various tests. Dynamic Shear Rheometer (DSR, AASHTO T315) is used to measure 

complex modulus |G*| and phase angle φ (Section 1.4.1) at high and intermediate service 

temperatures. Bending Beam Rheometer (BBR, AASHTO T 313) and Direct Tension Tester 

(DTT, AASHTO T 314) are used to characterize the binder at low temperature. The objective 

of the BBR tests is to monitor creep properties of a binder specimen beam (102 mm x 12.5 

mm x 6.25 mm) subjected to bending under a 100 g load applied to the middle of the sample. 

The creep stiffness S(t) and the rate of change of stiffness, called m-value, at a loading time t 

of 60 s are measured. The m-value is defined as in Equation (1.6): 

   

 m(t) =
d log S(t)

d log t
 (1.6) 

   

During a Direct Tension test, a small dog-bone-shaped bitumen specimen is pulled at a 

constant rate of elongation of 1 mm/minute until failure. Failure strain is calculated from the 

total deformation at the end of the test, while failure stress is then taken as the maximum 

tensile load measured. 

Two procedures are performed in order to simulate aging occurring during service life. 

The Rolling Thin Film Oven (RTFO, AASHTO T240) simulates short-term caused by the 

high temperatures necessary to mix and compact Hot Mix Asphalt (HMA) in the field. A 

small amount of bitumen is inserted in standard bottles and placed in an oven equipped with a 

rolling rack, at a temperature of 163°C, for 85 minutes. Air is injected at intervals in the 

bottles. Bitumen spreads on the lateral surface of the bottles forming a thin film, therefore 

increasing substantially the surface exposed to air.  

Long-term aging occurring during pavement service life is simulated with the Pressure 

Aging Vessel (PAV, AASHTO R028). In order to accelerate aging mechanisms, bitumen 

already subjected to RTFO is heated to a temperature between 90°C and 110°C and to a 

pressure of 2.1 ± 0.1 MPa for 20 hours. For the classification procedure, binders are tested in 

three aging conditions: in their original state, after RTFO (RTFO residue) and after both 

RTFO and PAV (PAV residue).  

Permanent deformation is attributed to the insufficient stiffness of the binder at high 

service temperatures. Parameter |G*|/sinφ is considered to be an indicator of rutting resistance. 
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Since binder stiffness increases with aging, it is assumed that rutting can more easily occur in 

new pavements, where binder has not yet sustained important long-term aging. For these 

reasons, the high value of the PG grade is equal to the lowest temperature at which |G*|/sinφ 

at 10 rad/s is equal to at least 1.0 kPa for the unaged binder and 2.2 kPa for the RTFO residue.  

According to AASHTO MP1-a specification, the low critical temperature is estimated by 

combining results of BBR and DTT tests on PAV residue. In fact, the BBR test allows 

evaluating stiffness and creep properties of a binder at low temperature, while DTT test is 

used to monitor the stress build-up when subjected to imposed strain and low temperature, 

similarly to what takes place during thermal cooling of an asphalt pavement. The estimated 

temperature where induced thermal stress equals failure stress of the material is taken as the 

low critical temperature. The introduction of AASHTO MP1-a specification made the 

previous method of estimating the low PG grade of a binder obsolete. The old method relied 

mainly on the results of the BBR test. According to it, the low critical temperature is 10°C 

lower than the lowest one yielding a creep stiffness at 60 s not exceeding 300 MPa and a m-

value of at least 0.300. However, if creep stiffness is between 300 MPa and 600 MPa, failure 

strain must be equal to at least 1%.  

An additional requirement is made for fatigue cracking at intermediate temperature. It is 

hypothesized that fatigue resistance of a binder increases with decreasing stiffness, therefore 

parameter |G*|·sinφ (measured with a DSR test) is used to monitor material proneness to 

fatigue cracking. Its value must not exceed 5000 kPa, at a temperature 4°C higher than the 

average temperature between the high and the low PG grade values. Since fatigue is related to 

repeated load applications caused by traffic, the DSR test is performed on PAV residue. 

Several PG classes are considered, from PG 46-46 and PG 82-10. 

As an example, a PG 64-22 binder meets the following requirements: 

 |G*|/sinφ ≥ 1.0 kPa at 10 rad/s and 64°C for the unaged binder; 

 |G*|/sinφ ≥ 1.0 kPa at 10 rad/s and 64°C for the RTFOT residue; 

 |G*|·sinφ ≤ 5000 kPa at 10 rad/s and 25°C for the PAV residue; 

 m(t) ≥ 0.300 at 60 s and -12°C for PAV residue; 

 S(t) ≤ 300 MPa at 60 s and -12°C for PAV residue (or 300 MPa ≤ S(t) ≤ 600 MPa at 

60 s and failure strain ≥ 1% at -12°C for PAV residue). 

Some researchers proposed different methods to predict the PG grade of unmodified 

binders from classical semi-empirical test results. Van de Ven, Jenkins and Bahia (2004) 

suggested using van der Poel nomograph (van der Poel, 1954) to estimate bitumen 

viscoelastic properties such as complex modulus from values of penetration, softening point 

and, therefore, penetration index. Bitumen property modifications due to aging are simulated 

by bumping the softening point. 
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Claxton and Green (1999) proposed the following linear regression relationships between 

PG critical temperatures and softening point for unmodified bitumens: 

   

 low PG  temperature = 0.51 high PG temperature − 60.7 (1.7) 

   

 high PG temperature = 1.17 TRB + 8.7 (1.8) 

   

therefore 

   

 low PG  temperature = 0.59 TRB − 55.7 (1.9) 

   

Both Equations (1.7) and (1.8) have R2 coefficients equal to 0.98 (for the sets of data 

used to develop them). Alternatively to Equation (1.17), the authors suggests also to obtain 

the low PG critical temperature from Fraass breaking point TFraass as follows: 

   

 low PG  temperature = 0.62 TFraass − 17.3 (1.10) 

   

Equation (1.10) has a R2 coefficient of 0.93. 

1.2 Overview about bituminous mixtures 

1.2.1 General composition and structure of bituminous mixtures 

A bituminous mixture is defined as a composite material consisting of a mix of mineral 

aggregates and bitumen (Corté & Di Benedetto, 2005, Di Benedetto & Corté, 2005). 

Aggregates are usually considered as the "skeleton" of the material, while the bitumen acts as 

a binder. In reality, the cohesion of a bituminous mixture is provided by the mastic, which is 

the mix of bitumen and the finest granular fraction ("filler", Section 1.2.1.2). Moreover, a 

third component of a bituminous mixture is air, contained in the voids not filled with bitumen 

remaining between aggregates. These voids are commonly referred to as "air voids" and have 

an important influence on material behavior (Section 1.2.2.4). 

According to several mix design parameters, production procedures (Section 1.2.2) and 

final properties of the material, different types of bituminous mixtures are defined. A common 

distinction is made between: 

 mixtures used for upper pavement layers, having a high bitumen content (usually 

between 5% and 6%) and good performances; in France this type of mixture is 

referred to as "Bétons Bitumineux" (BB); 

 mixtures used for lower pavement layers, with a low bitumen content (around 3-5%); 

in France they are called "Graves Bitumes" (GB). 

A particular type of bituminous mixtures is the one called "High Modulus Bituminous 

Mixtures" (HMBM) or "Enrobés à Module Élevé" (EME) in French. These are mixtures with 
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mix design characteristics similar to BB or GB materials, but with higher performances, 

therefore allowing for an important reduction of layer thickness. They are standardized by EN 

13108-1:2007, which imposes minimum values for complex modulus |E*| (at 15°C, 10 Hz) 

and fatigue parameter 6 (at 10°C, 25 Hz), respectively equal to 14000 MPa and 130 µm/m 

(Sections 1.4 and 1.5). 

By adjusting, among other mix design parameters, granular curve, binder content and air 

void content (Section 1.2.2), the structure of a bituminous mixture can be optimized in order 

to achieve specific performances. An example is that of so-called "porous" mixtures (EN 

13108-7:2006; National Asphalt Pavement Association [NAPA], 2008), having an important 

air void content in order to allow water flowing through the material. This kind of material is 

typically used for top pavement layers for water draining purposes. 

Different additives can be added to bituminous mixtures, in order to improve specific 

material performances or mixing and compaction procedures (Read & Whiteoak, 2003). The 

most common commercially available additives are warm mix additives (used to reduce 

mixing and compaction temperatures), anti-stripping agents (allowing better aggregate-binder 

adhesion) and emulsifiers (necessary to produce bitumen emulsion for cold mix production 

and surface treatments). 

1.2.1.1 Aggregates 

Aggregates are the main constituent of bituminous mixtures, representing approximately 

95% of the total mass and 80-85% of the total volume (Corté & Di Benedetto, 2005). They 

are composed of different homogeneous granular fractions. Each fraction is characterized by a 

minimal size d and a maximal size D, corresponding to different sieve openings used for 

Particle Size Distribution (PSD) analysis (Section 1.2.2). Granular fractions are chosen such 

that the D/d ratio is limited to 1.4, in order to avoid excessive size dispersion within each 

fraction. According to EN 13043:2003, "filler" is defined as the aggregate fraction smaller 

than 63 µm (Section 1.2.1.2).  

In order to ensure good mechanical performance and durability of a mixture, aggregates 

need to fulfill specific requirements, among which: 

 angularity 

 shock resistance 

 freeze/thaw resistance 

 polish resistance 

 binder/aggregate compatibility 

1.2.1.2 Filler 

Two types of filler are usually distinguished: 



 

Chapter 1 – Literature review 

 

18 

 

 natural filler, resulting from aggregate crushing; 

 added filler, included in the material during the mixing phase. 

Mix design considerations usually involve added filler (Section 1.2.2), rather than natural 

filler. Its function is mainly filling some of the voids between larger aggregates and, as 

already mentioned, creating the mastic phase together with bitumen. 

1.2.2 Typical mix design parameters and production of bituminous mixtures 

In this section, a short overview of the main mix design parameters of bituminous 

mixtures is presented. 

1.2.2.1 Aggregates 

Aggregate grading curve is an important factor influencing final properties of a 

bituminous mixture. A grading curve is identified by performing a Particle Size Distribution 

(PSD) analysis. A representative sample of aggregates constituting the mixture is sieved 

through standard sieves, each corresponding to a different granular fraction. By plotting the 

percentage of aggregates (by weight) passing (or retained) through each sieve, a curve can be 

obtained, such as the example shown in Figure 1.7. 

  

Figure 1.7 – Example of aggregate grading curves: 20 mm continuous and 20 mm gap-

graded curves (data obtained from Olard, 2012). 

For each curve, the nominal maximum size must be defined, corresponding to the largest 

sieve size retaining some aggregate particles (Roberts, Kandhal, Brown, Lee, & Kennedy, 

1996). It is important not to mistake nominal size with maximum size, which is the smallest 

sieve through which 100% of the aggregate sample pass. 
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If all granular fractions are represented in the aggregate sample, the corresponding 

grading curve is defined as "well graded" or "continuous". On the contrary, if not all fractions 

are represented in the sample, the curve is "poorly graded". In particular, if one fraction is 

missing, the curve is said to be "gap-graded" (if two fractions are missing, the curve is "twice-

gap-graded", etc…). 

Hereafter, aggregate grading curves will be identified using their nominal size and by 

identifying whether they are continuous or gap-graded. Therefore, as an example, a 20-mm 

continuous curve and a 20-mm gap-graded curve are shown in Figure 1.7. 

Optimization of aggregate particle grading curves relies on two main concepts. As 

already stated, aggregates constitute the skeleton of a bituminous mixture (Section 1.2.1), due 

to the formation of a network of interparticle contacts. Therefore, the best grading curve is the 

one yielding the densest possible mixture, maximizing the interparticle contact network and 

minimizing air void content. However, sufficient air voids should be left in order to avoid 

bleeding or rutting due to bitumen filling all spaces between aggregate particles (Lira, Jelagin, 

& Birgisson, 2013). Aggregate packing optimization methods were first used to maximize 

density of cement concrete mixtures (Fuller & Thompson, 1907; Talbot & Richart, 1923; 

Weymouth, 1938) and later applied to bituminous mixtures (Goode & Lufsey, 1962; Nijboer, 

1948; Vavrik, Pine, Huber, Carpenter, & Bailey, 2001). More recently, a new aggregate 

packing optimization method has been developed, leading to a bituminous mixture with 

minimum air void content based on a gap-graded curve, called GB5® (Olard, 2012). The 

particular aggregate packing structure of this type of mixture allows for high complex 

modulus, adequate fatigue resistance (Sections 1.4 and 1.5) and improved rutting resistance, 

mainly due to the maximized aggregate interlock. 

Although aggregate packing is a relevant factor, some studies showed that not all 

interparticle contacts equally contribute to the distribution of stresses and strain within the 

granular matrix of a loaded material sample (Cundall, Drescher, & Strack, 1982; Jaeger & 

Nagel, 1992; Roque, Birgisson, Kim, & Guarin, 2006; Santamarina, Klein, & Fam, 2001; 

Sauzéat, 2003). In particular, main load transfer chains of particles can be identified, while 

surrounding particles assure global stability of the material by preventing main chains from 

buckling. 

Regarding the influence of aggregate nature, mineralogy appears to have little influence 

on mixture stiffness (Di Benedetto & de la Roche, 1998). Different conclusions are drawn in 

literature about the influence of aggregate mineralogy, surface texture and shape on fatigue 

resistance of mixtures. Kalcheff & Tunnicliff (1982, as cited in Miller, Vasconcelos, Little, & 

Bhasin, 2011) observed that aggregate surface texture and shape affect fatigue resistance of 

mixtures, among other performance aspects. Buchanan (2000) found no effect of aggregate 

shape on fatigue resistance. However, mixtures with granite aggregates showed better fatigue 

resistance than mixtures with limestone aggregates. According to the author, this difference is 
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due to the higher effective asphalt content of mixtures with granite. Indeed, Delorme, de la 

Roche, and Wendling (2007) mention different absorption characteristics of some mineral 

types (basalt, slag, dolomitic limestone), together with an influence of aggregate mineralogy 

on compactability of mixtures. 

1.2.2.2 Filler 

The main filler characteristics influencing the behavior of mastics and mixtures are grain 

size, nature and concentration. 

Filler nature and grain size do not appear to have a significant influence on mastic 

properties at low temperatures and/or high frequencies (Anderson & Goetz, 1973; Lackner, 

Spiegl, Blab, & Eberhardsteiner, 2005). However, at high temperatures and/or low 

frequencies, quartz filler causes a higher stiffness increase than limestone filler, because of its 

smaller grain size. This observation can be associated to the results obtained by Chen and 

Peng (1998) and Shashidhar & Romero (1998), showing that strength of mastics measured 

with direct tension tests increases with decreasing filler grain size. The proposed explanation 

involves the fact that a reduction of filler grain size corresponds to an increase of the specific 

surface, therefore an increase of the binder-filler interface surface. 

Regarding filler nature, Kim, Little, and Song (2003) and Little and Petersen (2005) 

compared the effects of hydrated lime and limestone filler. They showed that hydrated lime 

causes higher stiffness and improved fatigue performances. In particular, Little and Petersen 

(2005) explains these observations with the high chemical interaction between hydrated lime 

and bitumen. Bari and Witczak (2005) found that the addition of hydrated lime filler can 

significantly increase stiffness of mixtures. 

Filler concentration is the other important factor affecting final material properties. 

Soenen and Teugels (1999) showed that the effect of filler on stiffness of mastic starts being 

relevant when volume concentration exceeds 30% (approximately corresponding to 50% mass 

concentration), due to particle packing. The stiffness increase is more important at high 

temperatures and/or low frequencies (Rayner & Rowe, 2004). 

1.2.2.3 Bitumen 

Bitumen nature and content are two key aspects of the design of a bituminous mixture. 

Their importance, widely known by common practice, has been highlighted by several 

authors (Baaj, Di Benedetto, & Chaverot, 2005; Bazin & Saunier, 1967; Di Benedetto, Olard, 

Sauzéat, & Delaporte, 2004; Lu & Isacsson, 2001; Moutier, 1991; Olard & Di Benedetto, 

2003; University of California at Berkeley, Oregon State University, Austin Research 

Engineers, Inc., & SWK Pavement Engineering, 1994; Walter, Wilson, & Hicks, 1981). In 

particular, bitumen is shown to have an important influence on almost all aspects of mixture 
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behavior. The most common observation is that increasing bitumen content yields a 

significant improvement of fatigue resistance. Regarding complex modulus, only the 

asymptotic values at very high temperature and very low frequency (static modulus) and very 

low temperature and very high frequency (glassy modulus) do not appear to be strongly 

affected by bitumen nature, since they depend mainly on the granular matrix. 

The influence of binder modification on mechanical properties of bituminous mixtures is 

a direct proof of the importance of binder nature in mixture design (Carpenter & Vandam, 

1987; Coplantz, Yapp, & Finn, 1993; Khattak & Baladi, 2001; Kennedy, Torshizi, & Jones, 

1992; King, Muncy, & Prudhomme, 1986; Isacsson & Zeng, 1998; Romeo, Birgisson, 

Montepara, & Tebaldi, 2010; Smiljanic, Pap, & Tatic, 2009; Tayebali, Goodrich, Sousa, & 

Monismith, 1991;  Von Quintus, Mallela, & Buncher, 2007). In general, beneficial effects are 

reported for cracking and permanent deformation resistance. Different conclusions are drawn 

regarding stiffness and fatigue resistance, depending on bitumen nature and modifier type and 

content. One of the most interesting advantages of bitumen modification with elastomers 

(such as SBS) is the remarkable improvement of fatigue resistance of bituminous mixtures as 

shown by many researchers (Baaj, Di Benedetto, & Chaverot, 2003; Planche, Anderson, 

Gauthier, Le Hir, & Martin, 2004).  

Another type of bitumen modifier, mainly used in North America, is polyphosphoric acid 

(PPA). Most of the literature shows a stiffness increase at high and intermediate temperatures, 

but there is no consensus on the effect of PPA modification on fatigue resistance of mixtures 

(Baumgardner, Masson, Hardee, Menapace, & Williams, 2005; Li et al., 2011; Zegeye, Moon, 

Turos, Clyne, & Marasteanu, 2012). 

Mechanical behavior of bituminous mixtures depends on temperature conditions, i.e. 

bituminous mixtures show a non-negligible thermal susceptibility. This aspect of mixture 

behavior is directly caused by the important thermal susceptibility of bitumen (Bazin & 

Saunier, 1967; Martin, Des Croix, Perez Jimenez, & Miro, 1996; Nguyen, Di Benedetto, 

Sauzéat, & Tapsoba, 2013). 

Stiffness of a bituminous mixtures appears to have a peak value corresponding to an 

optimum binder content, depending on the air void content of the mixture (Soliman, 1976, as 

cited in Di Benedetto & de la Roche, 1998; Ugé, 1977, as cited in Di Benedetto & de la 

Roche, 1998). For this reason, the influence of binder content on the stiffness of a mixture is 

related to the particular mixture design. 

Different methods exist to optimize binder content for a bituminous mixture. Different 

approaches rely on volumetric considerations (such as specific surface of aggregates), 

empirical tests (Marshall compaction test), performance-related requirements to be satisfied 

(for example, workability during gyratory compaction or target rut depth to measure with 

standard test) or fundamental performance-based specifications (such as stiffness) to 

implement in pavement design procedures. 
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In France, bitumen content is determined based on volumetric consideration. For a given 

grading curve, a minimum binder content is defined in order to assure adequate aggregate 

coating (Delorme et al., 2007; Duriez, 1950). Specific surface of aggregates Σ is calculated as 

follows: 

   

 100Σ = 0.25G + 2.3S + 12s + 150f (1.11) 

   

where: 

 G is the percentage (by weight) of aggregate particles larger than 6.3 mm; 

 S is the percentage (by weight) of aggregate particles between 0.250 mm and 6.3 

mm; 

 s is the percentage (by weight) of aggregate particles between 0.063 mm and 0.250; 

 f is the percentage (by weight) of aggregate particles smaller than 0.063 mm. 

Binder content is calculated according to the following relationship: 

   

 bext =  K α √Σ
5

 (1.12) 

   

where: 

 bext is the "external" binder content, expressed as the percent ratio of binder mass to 

aggregate mass; 

 K is the so-called "richness modulus", which is a parameter related to the 

conventional thickness of the bitumen film coating aggregates and independent of the 

density of the granular mix; 

 α is a correction coefficient depending on aggregate density ρg and expressed by 

   

 α =
2.65

ρg
 (1.13) 

   

The "internal" binder content b, expressed as the percent ratio of binder mass to the total 

weight of the final mixture, is equal to 

   

 b =
100 bext

100 + bext
 (1.14) 

   

1.2.2.4 Air voids 

Air void content is not a mixture design parameter, but it depends on overall mixture 

design factors, compaction procedure and effort. It has an important influence on 

performances of a bituminous mixture. Stiffness of a mixture increases up to a maximum 

value when air void content decreases (Bazin & Saunier, 1967; Di Benedetto & de la Roche, 
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1998; Moutier, 1991). The effects of void content on fatigue resistance vary depending on the 

type of material and loading conditions (Doan, 1977). In particular, in strain-controlled tests, 

decreasing void content causes a diminution of fatigue life of dense mixtures and, on the 

contrary, an increase of fatigue life of mixtures with low binder content. In stress-controlled 

tests, fatigue life increases when void content decreases. Air void content (deriving from 

aggregate gradation and compaction effort) can have a significant influence on fatigue 

resistance, in some case even more than asphalt content (del Pilar Vivar and Haddock, 2012; 

Harvey, Deacon, Tsai, & Monismith, 1995). 

Other than air voids, it is useful to define two important volumetric properties of 

bituminous mixtures. 

 

Figure 1.8 – Scheme of volumetric properties of a bituminous mixture. 

Given a unit volume Vtot of a mixture (Figure 1.8), it is possible to identify: 

 VMA (Voids in Mineral Aggregate), defined as the ratio of the total volume of voids 

between aggregate particles within the compacted mixture, including voids filled 

with bitumen, with respect to total volume; 

 VFA (Voids Filled with Asphalt), corresponding to the part of VMA effectively 

filled with bitumen. 

1.3 Thermo-mechanical behavior of bituminous materials 

In this section, loads acting on road pavement structures are reviewed. In particular, the 

effects of traffic and thermal loads are considered. Given the complex nature of bituminous 

materials, different aspects of material behavior are more or less important, depending on the 

type of load acting on the pavement. 
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1.3.1 Loads acting on flexible pavements structures 

Road pavements are modeled as multi-layer systems composed of a certain number of 

infinite slabs (Di Benedetto & Corté, 2005; Huang, 2004). Interface conditions between 

consecutive layers can vary from bound ("full friction") to unbound ("full slip"), passing 

through different degrees of bonding. Traffic loads induce bending of layers, thus generating, 

for each layer (in case of bound layers), horizontal tensile stresses and strains at the bottom 

and vertical compressive stresses and strains in the bulk section (Figure 1.9). Because of the 

peculiar behavior of bituminous materials (Section 1.3.2), repeated loading can cause fatigue 

cracking at the bottom of the layers and permanent deformation ("rutting") of the vertical 

section of layers. In order to calculate pavement response (stresses and strains), stiffness of 

the material must be known. 

 

Figure 1.9 – Scheme of traffic load and corresponding pavement response (edited after Di 

Benedetto, 1998) 

During pavement design phase, layers are considered as homogeneous, isotropic and 

linear elastic. Different solutions are available for multi-layered systems, depending on the 

number of layers and the applied load (Huang, 2004). Values of material properties are 

chosen as a function of material and load characteristics. In particular, stiffness of bituminous 

materials depends on loading amplitude, loading speed and temperature (Section 1.4). 

Temperature has several effects on pavements containing bituminous materials (Figure 

1.10): 

 Because of the important thermal susceptibility of these materials, temperature 

variations cause sensible changes of their material properties. In particular, stiffness 

increases when temperature decreases and vice versa. 

 As for most materials, bituminous mixtures undergo thermal expansion and 

contraction when exposed to temperature changes. In the case of pavements, this 
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phenomenon is particularly critical at low temperatures. In fact, thermal contraction 

of pavement bituminous layers is hindered by friction with other layers in contact, 

especially in the longitudinal direction. Restrained thermal contraction leads to stress 

build up, eventually originating so-called "thermal cracking". This phenomenon is 

further helped by the stiffness increase due to temperature reduction. 

 Repeated strain originated by thermal contraction and expansion may also lead to 

"thermal fatigue". Moreover, in the case of semi-rigid pavements with a cement-

treated base, if a crack opens in the rigid layer (because of, as an example, shrinkage 

occurring during hardening), thermal contraction of this layer could cause crack 

propagation in the bituminous layers. 

 Lack of adequate drainage of the pavement structure can lead to water accumulation 

within layers. Temperature oscillations can then cause freeze-thaw cycles, leading to 

progressive degradation of material integrity and performance. 

 

Figure 1.10 – Scheme of thermal loads and corresponding pavement response (edited after Di 

Benedetto, 1998) 

1.3.2 Domains of mechanical behavior of bituminous materials 

On a macroscopic level, bitumen can be considered as a continuous, homogeneous, 

isotropic material. Its behavior is influenced by three factors: 

 temperature, T; 

 strain amplitude  

 number of loading cycles, N (in the case of cyclic sinusoidal loading, such as traffic 

on a pavement structure). 
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Depending on values of these three factors, several mechanical behavior domains can be 

defined (Di Benedetto, Delaporte, & Sauzéat, 2007; Olard, Di Benedetto, Dony, & Vaniscote, 

2005). Figure 1.11 shows typical mechanical behavior domains depending on  and T for 

bitumens (for a given number of cycles N), while Figure 1.12 shows domains depending on  

and N for mixtures (for a given temperature T). 

 

Figure 1.11 – Typical mechanical behavior domains of bitumen depending on strain 

amplitude  and temperature T (Tg is the glass transition temperature), for a given number of 

cycles (edited after Olard et al., 2005). 

 

Figure 1.12 – Typical mechanical behavior domains of bitumen depending on strain 

amplitude  and number of cycles N, for a given temperature. 
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If bitumen is subjected to small amplitude strain ("small strain" domain) for a relatively 

low number of cycles, it can be assumed as a linear viscoelastic material (Section 1.4.1). The 

viscous aspect of its mechanical behavior can be neglected (therefore it can be assumed as a 

linear elastic material) at very low temperatures, approximately below its glass transition 

temperature Tg. However, if small strain is applied for a relatively high number of cycles, 

fatigue can occur, leading to failure (Section 0). However, if the bitumen is subjected to large 

amplitude strain, its mechanical behavior becomes non-linear. The threshold value, called 

"linear viscoelastic limit", depending on the material and on the test temperature, is 

approximately equal to 1% for bitumens (Airey, Rahimzadeh,& Collop, 2003). More details 

about this subject will be given in Section 1.5.6.1. Finally, if repeated stress cycles not 

centered on zero are applied to the material, accumulation of permanent viscoplastic 

deformation occurs.  

Figure 1.13 shows typical mechanical behavior domains of bituminous mixtures 

depending on  and N (for a given temperature T). They reflect the behavior domains 

observed for bitumens. 

The proposed schemes of behavior domains for bitumens and bituminous mixtures must 

be considered as general indications. Threshold values between different domains are shown 

only as indications of the orders of magnitude. In reality, transitions between domains are not 

abrupt. 

 

 

Figure 1.13 – Typical mechanical behavior domains of bituminous mixtures depending on 

strain amplitude  and number of cycles N, for a given temperature (Di Benedetto et al., 

2013). 
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1.4 Rheological properties of bituminous material in the small-strain 

domain: Linear ViscoElastic (LVE) behavior 

1.4.1 Definition of viscoelastic behavior 

Viscoelasticity is a time-dependent material behavior, typical of materials showing both 

elastic and viscous characteristics when experiencing deformation. 

In order to determine whether a material can be defined as viscoelastic, Mandel (1969 [as 

cited in Salençon, 2009] proposed to evaluate its response when subjected to a "cancellation 

test" (Figure 1.14). In this test, an originally undisturbed material is loaded in strain-control 

mode. First, an instantaneous strain increase is imposed at instant t0. The applied strain is 

maintained constant for a given time and then brought back to zero at instant t1. The resulting 

stress response originating in the material is monitored. At t0 an instantaneous stress increase 

occurs, as for purely elastic materials. However, the stress level progressively decreases, due 

to the viscous characteristics of the behavior. When the strain returns to zero, at t1, the elastic 

stress developing in the material is higher than the residual stress level, therefore the resulting 

total stress after discharge has an opposite sign with respect to the one before the discharge. 

After t1, since the strain level is maintained constant (equal to zero), the stress progressively 

decreases. A material is defined as viscoelastic if it shows a complete stress recovery at an 

infinite time, i.e. if the residual stress σ∞ at t∞ is equal to zero. This principle is valid for 

non-aging materials (properties must remain unaltered when the material is undisturbed). 

a)    b)  

Figure 1.14 – "Cancellation test": (a, left) imposed strain history; (b, right) resulting stress. 

A material is defined as Linear ViscoElastic (LVE) if its behavior verifies Boltzmann 

superposition principle (Boltzmann, 1874), therefore its total response to a superposition of 

different loads is equal to the superposition of individual responses to each load (Salençon, 

2009). Table 1.1 summarizes the Boltzmann superposition principle. The simplest 

consequence of linear viscoelasticity is that the strain is directly proportional to stress (Lakes, 

2009).  
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Table 1.1 – Boltzmann superposition principle 

 

1.4.1.1 Creep 

Creep is defined as the time-dependent deformation of a material subjected to a constant 

stress. In a creep test (Figure 1.15), a given stress σ0 is instantaneously applied to a material at 

instant t0, so that the stress σ (t) at any instant t is: 

   

 σ(t) = σ0H(t − t0) (1.15) 

   

where H(t) is the Heaviside function applied at the instant 0, defined as 

   

 {
H(t) = 0

H(t) = 1

𝑡 < 0

𝑡 ≥ 0
 (1.16) 

   

so that 

   

 {

H(t − t0) = 0

H(t − t0) = 1

𝑡 < t0

𝑡 ≥ t0

 (1.17) 

   

The material response consists then of a strain (t) equal to 

   

 ε(t) = σ0 J(t0, t) (1.18) 

   

where J(t0, t) is the creep function of the material at any instant t, for the stress applied at the 

instant t0. 

Action Response

1 (t) → s1 (t)

2 (t) → s2 (t)

l1 (t) + m2 (t) → ls1 (t) + ms2 (t)
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a)     b)  

Figure 1.15 – Creep test for a linear viscoelastic material: (a, left) imposed stress; (b, right) 

resulting strain. 

Incremental notation is generally used when the applied stress is not constant but it consists of 

a stress history (Figure 1.16). Therefore, for a stress variation dσ(τ) applied at the instant τ, 

the corresponding strain variation dε(t) at the instant t is equal to 

   

 dε(t) = dσ(τ) J(τ, t) (1.19) 

   

 

Figure 1.16 – Example of stress history 

If the material is LVE, since Boltzmann superposition principle is valid, total strain 

response ε(t) is equal to the sum of individual responses to each elementary stress variation: 

   

 ε(t) = ∫ J(τ, t)dσ(τ)

t

t0

 (1.20) 

   

If σ(t) is differentiable, then Equation (1.20) can be written as 

   

 ε(t) = σ(t0) J(t0, t) + ∫ J(τ, t)σ̇(τ)

t

t0

dτ (1.21) 

   

For a non-aging material, it is 

   

s

tt0

s0



tt0

0

s

tt0

ds(t)

t
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 ε(t) = σ(t0) J(t − t0) + ∫ J(t − τ)σ̇(τ)

t

t0

dτ (1.22) 

   

Equation (1.22) can be integrated by parts, thus obtaining 

   

 ε(t) = σ(t) J(0) + ∫ σ(τ)
∂J

∂τ
(t − τ)

t

t0

dτ (1.23) 

   

The first term of Equation (1.23) represents the instantaneous response, while the second 

term is the memory of the previous stress history, therefore expressing the time-dependent 

behavior. 

1.4.1.2 Relaxation 

The inverse of creep is relaxation, defined as the time-dependent stress response to a 

constant strain.  

a)     b)  

Figure 1.17 – Relaxation test for a linear viscoelastic material: (a, left) imposed strain; (b, 

right) resulting stress. 

In a relaxation test (Figure 1.17), a constant strain ε0 is applied at the instant t0, so that the 

strain ε(t) at any instant t is equal to 

The resulting stress response σ(t) is 

   

 σ(t) = ε0 R(t0, t) (1.25) 

   

where R(t0, t) is the relaxation function of the material at any instant t, for the strain applied at 

the instant t0. 



tt0

0

s

tt0

s0

   

 ε(t) = ε0H(t − t0) (1.24) 
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In the case of a generic strain history (Figure 1.18), using incremental notation and 

following a similar approach to that shown for creep, the stress variation σ(t) at any instant t 

for a strain history applied at the instant τ, is equal to 

   

 σ(t) = ε(t) J(0) + ∫ ε(τ)
∂R

∂τ
(t − τ)

t

t0

dτ (1.26) 

   

 

Figure 1.18 - Example of strain history 

1.4.1.3 Laplace-Carson transform 

Integral Equations (1.23) and (1.26), describing material LVE behavior in a time domain, 

are difficult to apply. The Laplace-Carson transform is used to turn integral equations into 

algebraic, therefore simplifying calculations (Corté & Di Benedetto, 2005). The Laplace-

Carson transform f̃ of a generic function f(t), depending on time t, is defined as 

   

 f̃(p) = p ∫ f(t)e−pt

∞

0

dt (1.27) 

   

where p is a complex variable, corresponding to time in the transform domain. 

Equations (1.23) and (1.26) become, respectively: 

   

 ε̃(p) = J̃(p) σ̃(p) (1.28) 

   

 σ̃(p) = R̃(p) ε̃(p) (1.29) 

   

where ε̃, σ̃, J̃ and R̃ are, respectively, the Laplace-Carson transforms of strain, stress, creep 

function and relaxation function. 

Two important observations should be made. Equations (1.28) and (1.29), describing 

LVE behavior, are similar to equations of elasticity. Moreover, it can be remarked that 

   

 J̃(p) R̃(p) = 1 (1.30) 

   



tt0

d(t)

t
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1.4.1.4 Complex modulus and Poisson's ratio 

If a LVE material is subjected to a sinusoidal stress with a frequency f, of the form 

   

 σ(t) = σ0sin(ωt) (1.31) 

   

with ω = 2πf, the resulting deformation will also be sinusoidal and described by 

   

 ε(t) = ε0sin(ωt − φ) (1.32) 

   

where φ, called phase angle, is the phase lag between the two sinusoidal signals (Figure 1.19). 

 

Figure 1.19 – Example of complex modulus test on a LVE material: sinusoidal signals of 

axial stress σ(t), axial strain ε1(t) and radial strain ε2(t). 

By using complex notations (i2 = -1), σ* and ε* can be defined, respectively, as 

   

 σ∗(t) = σ0eiωt (1.33) 

   

 ε∗(t) = ε0eiωt−φ (1.34) 

   

so that 

   

 σ(t) = Im[σ∗(t)] (1.35) 

   

 ε(t) = Im[ε∗(t)] (1.36) 

   

where Im[q] is intended as the imaginary part of a generic complex variable q. 

-15

0

15

sigma

nu

epsilon

time

σ(t) = σ0 sin(ωt)
φ/ω

φν/ω

ε1(t) = ε01 sin(ωt – φ)

ε2(t) = ε02 sin(ωt – φ + π + φν)
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It can be shown that 

   

 σ∗(t) = R̃(iω) ε∗(t) (1.37) 

   

therefore 

   

 R̃(iω) =
σ∗(t)

ε∗(t)
= E∗(ω) (1.38) 

   

E*(ω) is called complex modulus. It is equal to the value of the Laplace-Carson transform 

of the relaxation function, calculated in iω. From Equations (1.33), (1.34) and (1.38), E*(ω) 

can be expressed as 

   

 E∗(ω) =
σ0eiωt

ε0eiωt−φ
= |E∗|eiφ (1.39) 

   

where |E*| is the norm of complex modulus, equal to 

   

 |E∗| =
σ0

ε0
 (1.40) 

   

Since E* is complex, its real and imaginary parts, respectively E1 and E2, can be isolated 

as follows 

   

 E∗ = E1 + i E2 = |E∗|cosφ + i |E∗|sinφ (1.41) 

   

E1, called "storage modulus", represents the recoverable part of the energy stored by the 

material during loading, that is the elastic aspect of the material behavior. E2, called "loss 

modulus", represents the energy lost because of internal friction, that is the irreversible 

viscous aspect of the behavior. From Equation (1.41) it can be clearly observed how LVE 

behavior is characterized by phase angle φ. If φ = 0, the material is perfectly linear elastic. If 

φ = 90°, the material is purely viscous. For 0 < φ < 90°, the material shows LVE behavior. 

In a similar way to E*, shear complex modulus G* can be defined as 

   

 G∗(ω) =
τ0eiωt

γ0eiωt−φ
= |G∗|eiφ = G1 + i G2 = |G∗|cosφ + i |G∗|sinφ (1.42) 

   

where τ(t) = τ0eiωt is a sinusoidal shear strain of amplitude τ0 and γ(t) = γ0eiωt is a 

sinusoidal shear strain of amplitude γ0. 

If the material is isotropic, E* and G* are related by the following equation: 

   

 G∗ =
E∗

2(1 + ν∗)
 (1.43) 
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where ν* is the complex Poisson's ratio. Given a radial strain ε2(t) = ε02sin(ωt − φ + π +

φν), observed during axial loading of the material, ν* is defined as 

   

 ν∗ = −
𝜀2

∗

𝜀1
∗ =

𝜀02eiωt−φ+π+φν

ε01eiωt−φ
= |ν∗|eiφν = ν1 + i ν2 = |ν∗|cosφν + i |ν∗|sinφν (1.44) 

   

where φν is the phase angle of Poisson's ratio, i.e. the phase lag between radial and axial 

strain. Experimental measurements have shown that Poisson's ratio is not constant but it 

depends on frequency and temperature. Moreover, values of φν for bituminous mixtures are 

close to 0°, that is radial and axial strains are approximately in phase opposition. In particular, 

values of φν are negative, corresponding to a radial strain slightly late with respect to axial 

strain (Di Benedetto, Delaporte, & Sauzéat, 2007). 

Different graphical representations are used to show the variation of complex modulus E* 

(and its components |E*|, E1, E2 and φ) with frequency and temperature. The most common 

types of plot are: 

 Isothermal curves: These curves are obtained by plotting the values of the norm of 

complex modulus |E*| against corresponding test frequencies, for each test 

temperature. Both axes are commonly in logarithmic scale. 

 Isochronal curves: These curves are complementary to isothermal curves. They are 

obtained by plotting values of |E*| against corresponding test temperatures, for each 

test frequency. The graph is generally plotted on a semi-logarithmic scale (log |E*| 

versus temperature). 

 Cole-Cole plot: This graph is obtained by plotting E1 and E2 values in the complex 

plane (imaginary part against real part). Since axes are commonly in linear scale, the 

large variation of E1 and E2 is not entirely evident. In particular, Cole-Cole plots are 

useful to highlight the behavior of bituminous materials at low temperature/high 

frequency. 

 Black diagram: This graph is obtained by plotting |E*| values against corresponding φ 

values, in the so-called "Black space". It is a usually plotted on a semi-logarithmic 

scale (log |E*| versus φ). For this reason, Black diagrams are useful to highlight 

bituminous material behavior at high temperature/low frequency. 

All these graphs can be plotted, following a similar approach, for G* and ν*. 

1.4.1.5 Energy 

When a linear elastic material is loaded, the energy stored in the material during strain 

accumulation is completely returned during unloading. Thus, stress-strain paths during 

loading and unloading coincide (Figure 1.20). 
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Figure 1.20 – Sinusoidal loading on a linear elastic and a linear viscoelastic material. The 

area within the ellipse is equal to the energy dissipation per cycle. 

In the case of a LVE material subjected to loading and unloading cycles, stress-strain curves 

during loading and unloading do not superpose and they draw a closed path. At every cycle, 

part of the energy injected into the material during loading is dissipated and, therefore, it is 

not returned during unloading. The energy dissipation per cycle per volume unit Wcycle 

corresponds to the area within the stress-strain closed path and it is equal to 

   

 Wcycle = ∮ σ dε (1.45) 

   

If the LVE material is subjected to sinusoidal cycles, in steady-state conditions, the-stress 

strain path is an ellipse and Equation (1.45) becomes 

   

 Wcycle = π ε0 σ0 sinφ (1.46) 

   

1.4.2 Time-Temperature Superposition Principle (TTSP) 

Assuming that the hypothesis of LVE behavior is valid (in the case of bituminous 

materials, it consists in remaining within their linear domain), complex modulus depends on 

temperature and frequency. Various authors (Ferry, 1980) observed that, for several LVE 

materials, complex modulus values plotted on Cole-Cole or Black diagrams tend to form a 

unique curve, independently of test temperature and frequency. Materials showing this 

behavior are called "thermorheologically simple" (Corté & Di Benedetto, 2005). 

For this type of materials, the influence of temperature T and pulsation ω (or frequency) 

on complex modulus can be reduced to one single parameter, so that 

   

 E∗(ω, T) = E∗(ω f(T)) = E∗(g(ω) T) (1.47) 
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Equation (1.47) implies that complex modulus values measured for different sets of 

pulsation and frequency might be equal to each other, as expressed in Equation (1.48): 

   

 E∗(ω1, T1) = E∗(ω2, T2) (1.48) 

   

with 

   

 ω1 f(T1) = ω2 f(T2) (1.49) 

   

 g(ω1) T1 = g(ω2) T2 (1.50) 

   

Because of the equivalency of the effects of frequency (or loading time, in the time 

domain) and temperature on material behavior, this property is called "Time-Temperature 

Superposition Principle" (TTSP). 

TTSP allows using complex modulus isothermal curves to obtain a unique |E*| curve, 

characteristic of the material, for an arbitrarily chosen reference temperature Tref. This curve 

is called master curve. The procedure consists in shifting isothermal curves along the 

horizontal frequency axis in order to superpose all points having the same ordinate (i.e. the 

same |E*|). An example of master curve of a bituminous mixture is shown in Figure 1.21 

(from Nguyen, 2011). From a mathematical point of view, once reference temperature Tref is 

chosen, the translation of all other isothermal curves is operated by multiplying the 

frequencies of all the points of each curve by a coefficient aT(T), called shift factor, depending 

on the temperature of the isothermal curve to translate: 

   

 E∗(ω, T) = E∗(ω aT(T), Tref) (1.51) 

   

a)   b)  

Figure 1.21 – Example of master curves of complex modulus (a, left) and phase angle (b, 

right) for a bituminous mixture (from Nguyen, 2011). 
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When translating isothermal curves to build master curves, reduced frequency is defined 

as the modified frequency, obtained using shift factors.  

Shift factors aT(T) verify the following property: 

   

 aT(T) =
𝑓(𝑇)

𝑓(Tref)
   ⟹    aT(Tref) = 1 (1.52) 

   

TTSP is a particularly interesting property, since only limited temperature and frequency 

test conditions are available in laboratory practice. Using appropriate combinations of these 

two factors, a very large reduced frequency domain can be accessed, otherwise difficult to 

investigate. Since a temperature increase is equivalent to a frequency reduction and vice 

versa, as an example, test temperature can be lowered in order to measure complex modulus 

of a bitumen otherwise corresponding to an excessive frequency. 

Two equations are commonly used to fit values of aT as a function of temperature. The 

first one is known as the Arrhenius law (Arrhenius, 1889): 

   

 log(aT) =
δH

R
(

1

T
−

1

Tref
) (1.53) 

   

where R is the ideal gas constant (8.314 J mol-1 K-1) and δH is the activation energy of the 

material.  

The second one is the so-called Williams-Landel-Ferry (WLF) equation (Figure 1.22), 

consisting of an empirical equation of the form (Williams, Landel, & Ferry, 1955): 

   

 log(aT) =
−C1(T − Tref)

C2 + (T − Tref)
 (1.54) 

   

where C1 and C2 are constants, varying with the material and Tref. 

WLF equation can be applied over the whole range of test temperatures. However, if the 

fit is performed on data obtained only for temperatures higher than the glass transition 

temperature Tg of the material, it cannot be used to extrapolate aT(T) values for T < Tg and 

vice-versa. 
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Figure 1.22 – Shift factors and corresponding WLF fit for complex modulus test results 

(shown in Figure 1.21) obtained for a bituminous mixture (from Nguyen, 2011). 

Following a similar procedure, master curves can be obtained also for φ using the same 

shift factors determined for |E*|. It has recently been found that master curves for |ν*| and φν 

can be obtained with the same shift factors as well, therefore TTSP is valid in the three-

dimensional case (Nguyen et al., 2013). Moreover, TTSP can be applied also to isochronal 

curves, thus obtaining isochronal master curves. In this case, a reference frequency should be 

chosen instead of a reference temperature. 

Some bituminous materials, such as polymer modified bitumens, are not 

thermorheologically simple, therefore TTSP is not valid for them. Figure 1.23 shows an 

example of complex modulus results obtained for a mixture made with polymer modified 

bitumen (from Nguyen, 2011). It can be observed that a unique Black curve is not obtained. 

However, it is possible to obtain a master curve by applying shift factors to shift isothermal 

curves, for a reference temperature. In this case, the material is said to comply with the Partial 

Time Temperature Superposition Principle (PTTSP) (Di Benedetto, Olard, Sauzéat, & 

Delaporte, 2004; Olard & Di Benedetto, 2003; Olard et al., 2005). 
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a)  b)  

Figure 1.23 - (a, left) Black diagram and (b, right) complex modulus master curve of a 

bituminous mixture made with polymer modified bitumen (from Nguyen, 2011). 

1.4.3 Modeling viscoelastic behavior of bituminous materials 

An analogical LVE model is defined as any combination of springs (representing elastic 

behavior) and dashpots (representing Newtonian viscous behavior) simulating mechanical 

response of LVE materials. Such models are theoretical and have the only purpose of 

providing a mathematical approximation of real material behavior. (Gallegos & Martinez 

Boza, 2010). Several analogical models have been developed to describe LVE behavior. In 

this section, a brief overview of the main models used for bituminous materials is presented. 

1.4.3.1 Models with a discrete relaxation spectrum 

The two simplest models used to describe LVE behavior are Maxwell and Kelvin-Voigt 

models (Corté & Di Benedetto, 2005). 

Maxwell model (Maxwell, 1867) consists of a linear spring (of stiffness E) and a linear 

dashpot (with viscosity η) assembled in series (Figure 1.24). 

 

Figure 1.24 – Maxwell model 

Creep and relaxation functions of this model are given in Equations (1.55) and (1.56): 

   

 J(t) =
1

E
+

t

η
 (1.55) 
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 R(t) = Ee−
t
τ (1.56) 

   

where τ is the relaxation time, equal to 

   

 τ =
η

E
 (1.57) 

   

Resulting complex modulus is expressed by Equation (1.58). 

   

 E∗(ω) = E
iωτ

1 + iωτ
=

Eω2η2 + iE2ωη

E2 + ω2η2
 (1.58) 

   

Kelvin-Voigt model (Meyer, 1874, 1878; Thomson, 1856, 1865; Voigt, 1892) consists of 

the same elements assembled in parallel (Figure 1.25). 

 

Figure 1.25 – Kelvin-Voigt model 

For this model, as for Maxwell model, relaxation time τ is equal to 

   

 τ =
η

E
 (1.59) 

   

Creep and relaxation functions are 

   

 J(t) =
1

E
(1 − e−

t
τ) (1.60) 

   

 R(t) = E + ηδ (1.61) 

   

with δ being the Dirac delta function. 

 Resulting complex modulus is expressed by 

   

 E∗(iω) = E + iωη (1.62) 

   

Maxwell and Kelvin-Voigt models cannot adequately describe LVE characteristics of 

bituminous materials. However, they are basic elements of more complex models. 
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Burgers model is composed of two Maxwell models in parallel (Figure 1.26). 

 

Figure 1.26 – Burgers model. 

The relaxation spectrum of this model consists of two distinct values τ1 and τ2, associated 

to the two Maxwell elements, expressed by 

   

  τ1 =
η1

E1
  τ2 =

η2

E2
  (1.63) 

   

Complex modulus is equal to 

   

 
E∗(ω) =

E1

1 + (iω
η1
E1

)
−1 +

E2

1 + (iω
η2
E2

)
−1 

(1.64) 

   

Burgers model is not suitable to fit the behavior of bituminous mixtures. In particular, 

using the same set of model parameters, the mechanical response cannot be accurately 

described over the entire domain of temperatures and frequencies. 

Several Maxwell or Kelvin-Voigt can be assembled, respectively in series or in parallel, 

to build different analogical models. The so-called generalized Maxwell model (or Prony 

series) consists of a finite number n of Maxwell elements acting in parallel with, eventually, 

an isolated spring and an isolated dashpot (Figure 1.27). 

 

Figure 1.27 - Generalized Maxwell model 
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Similarly to what observed for Burgers model, the generalized Maxwell model has a 

discrete relaxation spectrum, with a finite number n of relaxation times τi equal to 

   

 τi =
ηi

Ei
 (1.65) 

   

where ηi and Ei and, respectively, viscosity and stiffness of each ith Maxwell element. 

Relaxation function is, therefore, expressed by 

   

 R(t) = E0 + η00δ + ∑ Ei

n

i=1

e
−

t
τi (1.66) 

   

Complex modulus is equal to 

   

 E∗(ω) = E0 + iωη00 + ∑ Ei

n

i=1

iωτi

1 + iωτi
 (1.67) 

   

If the number of Maxwell elements tends to infinite, the relaxation spectrum evolves to a 

continuous function H(τ). Thus, relaxation function and complex modulus equations become 

   

 R(t) = E0 + η00δ + ∫ H(τ)e−
t
τdlnτ

lnτ=+∞

lnτ=−∞

 (1.68) 

   

 

E∗(ω) = E0 + iωη00 + ∫ H(τ)
iωτi

1 + iωτ
dlnτ

lnτ=+∞

lnτ=−∞

 (1.69) 

   

where H(τ) dlnτ can be considered as the modulus corresponding to relaxation time τ, whose 

logarithm is between lnτ and lnτ + dlnτ. 

If several Kelvin-Voigt elements are assembled in series, with, eventually, an additional 

spring and an additional dashpot, a generalized Kelvin-Voigt model is obtained (Figure 1.28), 

with as many relaxation times τi as the number of elements, equal to 

   

 τi =
ηi

Ei
 (1.70) 
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Figure 1.28 – Generalized Kelvin-Voigt model 

The associated creep function is 

   

 J(t) =
1

E00
+ ∑

1

Ei
(1 − e

−
t

τi)

n

i=1

 (1.71) 

   

Complex modulus is 

   

 E∗(ω) = (
1

E00
+

1

iωη0
+ ∑

1

Ei + iωηi

n

i=1

)

−1

 (1.72) 

   

Similarly to what observed for the generalized Maxwell model, if the number of Kelvin-

Voigt element tends to infinite, the relaxation spectrum tends to a continuous function H(τ). 

Both generalized Maxwell and Kelvin-Voigt models can generally adequately 

approximate LVE behavior of bituminous materials, if enough elements are used. If virtually 

infinite elements are used, obtaining continuous relaxation spectra, these models are always 

appropriate. However, it is important to remind that required calculation efforts increase with 

the number of elements used.  

1.4.3.2 Models with a continuous relaxation spectrum 

The models presented in this section have two main characteristics in common. First, 

they are characterized by a continuous relaxation spectrum but have a finite number of 

elements. Moreover, they all have a so-called parabolic element (Figure 1.29). 

 

Figure 1.29 – Parabolic element 
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A parabolic element (Olard & Di Benedetto, 2003) is a viscous element with a parabolic 

creep function of the form 

   

 J(t) = a (
t

τ
)

h

 (1.73) 

   

where a is a dimensionless coefficient and h is an exponent such that 0 < h < 1. 

Complex modulus is expressed by 

   

 E∗(ω) =
(iωτ)h

aΓ(1 + h)
 (1.74) 

   

where Γ is the gamma function, defined as 

   

 Γ(n) = ∫ xn−1e−xdx

∞

0

 n > 0 (1.75) 

   

τ depends on temperature and validates the TTSP (Section 1.4.2), so that 

   

 τ(T) = τ0aT(T) (1.76) 

   

where T is temperature, τ0 is the value of τ at the reference temperature and aT(T) is the shift 

factor at temperature T. Evolution of τ with temperature can be fitted using the WLF 

equation. 

Huet model (Huet, 1963) is an analogical model with three elements assembled in series 

(Figure 1.30): a linear spring with stiffness E00 and two parabolic elements whose creep 

functions are expressed by 

   

  J1 = a(t)h  J2 = b(t)k  (1.77) 

   

 

Figure 1.30 – Huet model 

The creep function is given by 

   

 J(t) =
1

E0
(1 + δ

(
t
τ)

k

Γ(1 + k)
+

(
t
τ)

h

Γ(1 + h)
) (1.78) 
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Complex modulus is 

   

 E∗(ω) =
E0

1 + δ(iωτ)−k + (iωτ)−h
 (1.79) 

   

No analytical expression is available for the relaxation function. 

For decreasing temperatures and increasing frequencies, complex modulus 

asymptotically tends to the value of E0, while for increasing temperatures and decreasing 

frequencies, it tends to zero. For this reason, it cannot fit the behavior of bituminous mixtures, 

since they show a minimum stiffness value (due to the presence of an aggregate skeleton) at 

high temperatures and low frequencies, called "static" modulus. 

Sayegh (1965) corrected this drawback by adding a second linear spring, assembled in 

parallel, whose stiffness E00 is considerably lower than E0. The resulting model, called Huet-

Sayegh, is shown in Figure 1.31. 

 

Figure 1.31 – Huet-Sayegh model 

No equation is available to describe the creep function of this model. Complex modulus 

is expressed by 

   

 E∗(ω) = E00 +
E0 − E00

1 + δ(iωτ)−k + (iωτ)−h
 (1.80) 

   

From Equation (1.80) it can be observed that, as for Huet model, complex modulus at 

high temperature and low frequency tends to E0. On the contrary, because of the presence of 

the additional spring, at high temperatures and low frequencies complex modulus tends 

asymptotically to E00, called static modulus. 

However, this model cannot adequately describe bitumen behavior at high temperatures 

and low frequencies. In fact, in this domain, bitumen mechanical response is purely viscous 

(Newtonian), therefore similarly to that of a linear dashpot, while Huet-Sayegh model is 

characterized by a parabolic creep function. 
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This correction has been integrated in the 2S2P1D (2 Springs, 2 Parabolic elements, 1 

Dashpot) model (Olard, 2003; Olard & Di Benedetto, 2003). The acronym of this model 

reflects the composition of its analogical scheme (Figure 1.32). In fact, the difference with 

respect to the Huet-Sayegh consists in the presence of a linear dashpot added to the Huet 

element (in series with the two parabolic elements), providing adequate creep behavior in the 

high temperature and low frequency domain for bitumens. 

 

Figure 1.32 – 2S2P1D model 

Complex modulus is given by the following equation: 

   

 E∗(ω) = E00 +
E0 − E00

1 + δ(iωτ)−k + (iωτ)−h + (iωβτ)−1
 (1.81) 

   

where β is a parameter defined so that 

   

 η = (E0 − E00)βτ (1.82) 

   

This model can successfully fit mechanical behavior of most bituminous materials. Although 

having a continuous relaxation spectrum, it depends on only seven parameters (E00, E0, k, h, δ, 

τ and β), all having a physical meaning. In its 3D extension (Di Benedetto, Delaporte, & 

Sauzéat, 2007), two additional parameters, ν00 and ν0 are introduced, corresponding, 

respectively, to the static and glassy values of Poisson's ratio: 

   

 ν∗(ω) = ν00 + (ν0 − ν00)
E∗(ω) − E00

E0 − E00
 (1.83) 

   

It is important to remark that τ is the only parameter depending on temperature (as for 

Huet and Huet-Sayegh models) and it follows TTSP, therefore parameters C1 and C2 of the 

WLF equation can be used to model temperature susceptibility of the material. In particular, 

the evolution of τ with temperature is described by 

   

 aT =
τ

τ0
 (1.84) 
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where τ0 is the characteristic time at reference temperature Tref and aT is the shift factor, 

varying with temperature. 

A total of eleven parameters (E00, E0, k, h, δ, τ and β for the 1D formulation, ν00 and ν0 

for the 3D extension and C1 and C2 for the WLF equation) are then needed to fully 

characterize material behavior over the whole domain of frequency and temperature. 

Figure 1.33 shows the influence of six of the 2S2P1D parameter (E00, E0, k, h, δ and τ) on 

a general Cole-Cole curve of a bituminous material.  

 

Figure 1.33 – Influence of 2S2P1D parameters associated with constitutive elements of the 

model on a general Cole-Cole curve of bituminous materials. 

1.4.3.3 Analytical expressions not based on analogical models 

Among the various models that have been proposed to describe LVE behavior of 

bituminous materials, several are not based on analogical schemes, therefore they cannot be 

resumed by an assembly of springs and dashpots (or generic creep elements). 

Christensen and Anderson (1992) proposed a model to express complex shear modulus 

G* and phase angle φ of bitumens as functions of frequency (or pulsation) ω: 

   

 |G∗(ω)| = Gg + [1 + (
ωc

ω
)

log 2
R

]

−
R

log 2

 
(1.85) 

   

 
δ =

90

1 + (
ω
ωc

)

log 2
R

 
(1.86) 

   

where: 

 Gg is the glassy modulus; 
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 ωc is the so-called "crossover frequency", that is the frequency for which, at a given 

temperature, tanφ = 1 and storage and loss moduli are equal; 

 R is a shape parameter called "rheological index", equal to 

   

 R = Gg − |G∗(ωc)| =

(log 2) (log
|G∗(ω)|

Gg
)

log (1 −
δ

90)
 (1.87) 

   

This model cannot accurately fit bitumen behavior at the lower and higher regions of the 

frequency range. Marasteanu (1999) proposed the following modifications: 

    

 |G∗(ω)| = Gg + [1 + (
ωc

ω
)

k

]

−
m
k

 (1.88) 

   

 
δ =

90m

1 + (
ω
ωc

)
k
 

(1.89) 

   

where k is equal to 

   

 k =
log 2

R
 (1.90) 

   

and m is a parameter affecting how the material approaches its two asymptotes, i.e. the glassy 

modulus at high frequency and the purely viscous behavior at low frequency. This updated 

version of the model is referred to as Christensen-Anderson-Marasteanu (CAM). In particular, 

the CA model corresponds to the CAM model with m = 1. However, the main drawbacks of 

the CA model are not entirely solved by the CAM model. 

An extension of the CAM model, valid for bituminous binders and mixtures, has been 

proposed (Zeng, Bahia, Zhai, Anderson, & Turner, 2001), expressed by: 

   

 
|G∗(ω)| = G0 +

Gg − G0

[1 + (
ωc
ω )

k
]

m
k

 
(1.91) 

   

where G0 is the static modulus. Although this model appears adequate for bituminous 

mixtures, it shows the same drawbacks of the CAM model for bitumens, since Equation 

(1.91) becomes identical to Equation (1.88) if G0 is assumed equal to zero (as it is the case for 

bitumens). 
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1.4.4 Prediction of mechanical behavior of bituminous mixtures from binder 

properties 

Performing complex modulus tests on bituminous mixtures is time consuming and 

requires considerable laboratory effort. For this reason, various authors have attempted to 

develop models to evaluate mixture behavior from mixture design factors and binder 

properties (among others: Bari & Witczak, 2006; Christensen, Pellinen, & Bonaquist, 2003; 

Francken & Vanelstraete, 1995, 1996; Heukelom & Klomp, 1964; Ugé, Gest, & Gravois, 

1977; Witczak & Fonseca, 1996; Zeng et al., 2001). 

Most of these prediction models are empirical, since they are based on statistical 

regressions of test results obtained for various mixtures having different characteristics. 

Equations usually focus on the norm of complex modulus. Fewer models take into account 

also phase angle. 

In this section, Heukelom and Klomp, Ugé, Hirsch, and Witczak models are briefly 

described. It is important to observe that in the first three models the value of complex 

modulus obtained for the mixture corresponds to the same frequency and temperature used for 

the binder modulus. Thus, as an example, if model equations are fed with a binder stiffness 

modulus corresponding to a temperature of 20°C and a loading frequency of 3 Hz, the 

resulting mixture modulus is evaluated at 20°C, 3 Hz. Among the considered predictive 

models, Witczak model is the only one introducing frequency dependency. 

Finally, a different prediction method is presented, called "SHStS transformation" (Di 

Benedetto, Olard, Sauzéat, & Delaporte, 2004; Olard & Di Benedetto, 2003), based on a 

rheological approach and allowing prediction of mixture LVE behavior from binder LVE 

properties (and vice versa). 

1.4.4.1 Heukelom and Klomp model 

This model (Heukelom & Klomp, 1964) aims at predicting mixture stiffness Smix as a 

function of bitumen stiffness Sbit using the following equations: 

   

 
Smix

Sbit
= (1 +

2.5

n

Cv

1 − Cv
)

n

 (1.92) 

   

 n = 0.83 log
4 104

Sb
 (1.93) 

   

 Cv =
g

g + b
 (1.94) 

   

where g and b are, respectively, aggregate and bitumen volume fractions (percentage 

values). 
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Mixtures used to develop the model had void contents close to 3%. As a consequence, 

the accuracy of the prediction for looser mixtures is not satisfactory. For this reason, the 

parameter C'v has been introduced (Van Draat & Sommer, 1965) to correct Cv as follows: 

   

 Cv
′ =

Cv

0.97 + 0.01[100 − (g + b)]
 (1.95) 

   

1.4.4.2  Ugé et al. model 

This model (Ugé et al., 1977) allows evaluating both norm of complex modulus |E*| (in Pa) 

and phase angle φ (in °) of mixtures from binder stiffness Sb (in Pa) and other mixture design 

factors: 

   

 A = log|E0| = 10.82 − 1.342 (
100 − g

g + b
) (1.96) 

   

 B = 8 + 5.68 10−3g + 2.135 10−4g2 (1.97) 

   

 M =
1.12 (A − B)

log 30
 (1.98) 

   

If 107 Pa < Sb < 109 Pa: |E∗| = M (log Sb − 8) + B (1.99) 

   

If 109 Pa < Sb < 3·109 Pa: |E∗| = B + M + (A − B − M)
log Sb − 9

log 3
 (1.100) 

   

If 5·106 Pa < Sb < 2·109 Pa: 
φ = 16.36 b0.352 e

(0.974 
log Sb−log 5∙106

log log 2∙107−log Sb
ν−0.172)

 
(1.101) 

   

If Sb > 2·109 Pa: φ = 0° (1.102) 

   

where: 

 |E0| is the glassy modulus of the mixture; 

 g is the volume fraction (percentage) of aggregates; 

 b is the volume fraction (percentage) of bitumen; 

 ν is the void content of the mixture (percentage). 

1.4.4.3 Hirsch model 

Hirsch model (Christensen et al., 2003) is another empirical model for the estimation of 

norm of complex modulus |E*| (in psi) and phase angle φ (in °) of mixtures, expressed by: 
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|E∗| = Pc [4200000 (1 −

VMA

100
) + 3|Gb

∗ |
VFA ∙ VMA

10000
] +

1 − Pc

1 −
VMA
100

4200000 +
VMA

3|Gb
∗ | VFA

 
(1.103) 

   

 φ = −21(log Pc)2 − 55 log Pc (1.104) 

   

 Pc =
(20 +

3|Gb
∗ | VFA

3VMA
)

0.58

650 + (
3|Gb

∗ | VFA
3VMA )

0.58 (1.105) 

   

where: 

 |G*
b| is the complex shear modulus of the bitumen 

 VMA (Voids in Mineral Aggregate) is the volume fraction (percentage) of 

aggregates; 

 b is the volume fraction (percentage) of bitumen.. 

1.4.4.4 Witczak model 

This model (Witczak & Fonseca, 1996) takes into account aggregate size distribution and 

bitumen viscosity to predict mixture complex modulus |E*| (in psi) and phase angle φ (in °). 

Moreover, evolution of material properties with loading frequency is considered. The model 

equations are: 

   

 

log|E∗|

= −1.249937 + 0.02923 p200 − 0.001767(p200)2 − 0.002841 p4 − 0.05809 Va

− 0.082208
Vbeff

Vbeff + Va

+
3.871977 − 0.0021 p4 + 0.003958 p3/8 − 0.000017(p3/8)

2
+ 0.00547 p3/4

1 + e(−0.603313−0.313351 log f−0.393532 log η)
 

(1.106) 

   

 φ = −464.568 + 186.6469 log|E∗| − 17.5259(log|E∗|)2 + 0.326268 f (1.107) 

   

where: 

 p200 is the percentage of aggregates passing the sieve with 0.075 mm openings; 

 p4 is the percentage of aggregates passing the sieve with 4.75 mm openings; 

 p3/8 is the percentage of aggregates passing the sieve with 9.5 mm openings; 

 p3/4 is the percentage of aggregates passing the sieve with 19 mm openings; 

 Vbeff is the bitumen volume fraction (percentage); 

 Va is the air void content (percentage); 

 f is the test frequency (in Hz); 
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 η is bitumen viscosity (in 106 Poise). 

The model has been later revised in order to take into account complex shear modulus 

|G*
b| and phase angle φb of bitumen (Bari & Witczak, 2006). The new equation for mixture 

complex modulus |E*| is as follows: 

  

log|E∗| = −0.349

+ 0.754(|Gb
∗ |−0.0052) [−6.65 − 0.032 p200 + 0.0027(p200)20.011 p4 − 0.0001(p4)2 + 0.006 p3/8 − 0.00014(p3/8)

2
− 0.08 Va − 1.06

Vbeff

Vbeff + Va
]

+
2.558 −  0.032Va +  0.713

Vbeff
Vbeff + Va

1 + e(−0.7814−0.5785 log|Gb
∗ |+0.8834 log φb)

+
0.0124p3/8 −  0.0001(p3/8)

2
−  0.0098p3/4

1 + e(−0.7814−0.5785 log|Gb
∗ |+0.8834 log φb)

 

(1.108) 

  

1.4.4.5 SHStS transformation 

Studies carried out at the ENTPE showed that the behavior of bituminous materials (such 

as asphalt mixtures or mastics) is directly dependent on the behavior of the bituminous 

binders used to produce them, according to their aggregate structure (Di Benedetto, Olard, 

Sauzéat, & Delaporte, 2004; Olard & Di Benedetto, 2003). It is useful to introduce the 

normalized complex modulus E*norm, as expressed by 

   

 Enorm
∗ =

E∗ − E00

E0 − E00
 (1.109) 

   

where E00 and E0 are, respectively, the minimum and the maximum asymptotic values of the 

norm of complex modulus. 

When plotted in a Cole-Cole diagram, normalized moduli of materials produced with the 

same binder generate curves that superpose with each other. This confirms that time and 

temperature dependency of these materials originates from the binder behavior, regardless of 

the aggregate skeleton. It is possible to predict the LVE behavior of an asphalt mixture from 

the LVE properties of the corresponding binder and vice versa. On a common Cole-Cole plan, 

the relationship corresponds to the sequence of a shift along the horizontal axis, a homothetic 

transformation, a shift of characteristic time and a second shift along the horizontal axis 

(Figure 1.34). For this reason, it is called SHStS (Shift-Homothety-Shift in time-Shift) 

transformation (Pouget, 2011; Pouget, Sauzéat, Di Benedetto, & Olard, 2010, 2012). This 

relationship is independent of any rheological model and it allows calculating the mixture 

complex modulus E*
mix at temperature T if binder modulus E*

binder is known (and vice-versa) 

at the same temperature. The equation describing the relationship is: 
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 Emix
∗ (ω, T) = E00,mix + [Ebinder

∗ (10αω, T) − E00,binder]
E0,mix − E00,mix

E0,binder − E00,binder
 (1.110) 

   

where: 

 E00,mix and E0,mix are, respectively, static and glassy modulus of mixture; 

 E00,binder and E0,binder are, respectively, static and glassy modulus of bitumen; 

 ω is loading frequency 

 α is a parameter depending on the considered mix design and binder aging occurring 

during mixing, defined as: 

   

 τ0,mix = 10ατ0,binder (1.111) 

   

where τ0,mix and τ0,binder are, respectively, values of τ0 obtained for mixture and binder. 

Since E00,binder is nil for pure binders, a simplified formula can be considered for mixtures 

produced with them: 

   

 Emix
∗ (ω, T) = E00,mix + [Ebinder

∗ (10αω, T)]
E0,mix − E00,mix

E0,binder
 (1.112) 

   

If TTSP is verified, the following property can be added for both binders and mixtures: 

   

 E∗(ω, T) = E∗[ωaT(T), Tref] (1.113) 

   

Moreover, from Equation (1.111), the following expression is valid at any temperature: 

   

 τmix = 10ατbinder (1.114) 
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Figure 1.34 – Schematic representation of the SHStS transformation, to obtain mixture 

properties from binder properties. 

1.5 Fatigue resistance of bituminous materials 

As for many other materials, bituminous materials are subjected to the fatigue 

phenomenon. Fatigue is defined as the weakening of material properties, eventually leading to 

failure, caused by repeated loading without exceeding material strength (Di Benedetto & 

Corté, 2005). Regarding bituminous materials, a considerable research effort has been made 

on this subject, although several issues are still unclear. In this section, the main aspects of 

fatigue of bituminous binders and mixtures are presented. 

1.5.1 Overview about the fatigue phenomenon for bituminous binders and mixtures 

As already said (Section 1.3), road pavements experience cyclic loading due to traffic 

and temperature oscillations. In particular, according to the multilayer approach used for 

pavement modeling, repeated stresses and strains occurring at the bottom of bonded layers are 

held responsible for the occurrence of fatigue. 

Different pavement design procedures exist, but the common principle is based on the 

comparison of the calculated stresses and strains in bending pavement layers and the fatigue 

resistance characteristics of the material estimated with laboratory tests. 
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1.5.2 Characterization of fatigue resistance in bituminous binders and mixtures 

The first laboratory studies about fatigue were performed by Albert (1838) on metal 

chains. However, it was Poncelet (1839) that first used the word "fatigue" to indicate the 

phenomenon. Later, Wöhler (1870) focused on the relationship between the magnitude of 

applied stress repetitions and the number of cycles to failure in metals. The main finding 

consisted in the observation that when a material is subjected to cyclic loading, the number of 

cycles to failure (also called "fatigue life") decreases when stress amplitude increases. The 

same observation is valid for several other materials, among which bituminous materials. The 

Wöhler curve approach remains valid if fatigue tests are performed in strain control mode. 

Loading amplitude S and fatigue life N are related by one of the two following types of 

equation: 

   

 S = a N−b (1.115) 

   

 S = α − β log N (1.116) 

   

If Equation (1.115) is valid, the S-N curve is a straight line in logarithmic scale; if 

Equation (1.116) is valid, the S-N curve is a straight line in semi-logarithmic scale. The S-N 

curve is called "Wöhler curve" (Figure 1.35).  

  

Figure 1.35 – Example of Wöhler curve (edited after Di Benedetto & Corté, 2005). 

For some materials, if loading level does not exceed a certain threshold value, called 

"endurance limit", fatigue life tends to infinite, that is fatigue does not occur. In real 

laboratory practice, an important variability of fatigue test results is observed for bituminous 

materials, causing significant scatter in Wöhler curves. 

If different loadings are applied to the same material sample, their combined effect can 

be estimated by applying the so-called Palmgren-Miner hypothesis (Miner, 1945; Palmgren, 

1924), stating that the relative contributions of single loadings can be linearly cumulated, as 

follows: 
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 ∑
ni

Ni

k

i=1

= C (1.117) 

   

where: 

 ni is the number of cycles applied with a loading amplitude Si; 

 Ni is the fatigue life corresponding to Si; 

 k is the number of different loadings applied; 

 C is a constant to be obtained by experimentation, but usually considered equal to 1 

for design purposes. 

 Although it has been proved that this law is not exact, it is still widely used as a first 

approximation because of its simplicity. Its main drawback is the neglect of the loading 

history. In fact, the order of the different loadings has an influence on the final fatigue life, but 

it is not considered. 

Experimental investigation on fatigue resistance of bituminous mixtures is performed 

both in situ and in laboratory. In situ tests are usually carried out in full scale, by applying 

controlled traffic loads on instrumented pavement sections or using accelerated pavement 

facilities (de la Roche, Corté, Gramsammer, Odéon, Tiret, & Caroff, 1994; Highway Research 

Board, 1961). Their purpose is to evaluate material performances in real operating conditions. 

On the contrary, the objective of laboratory tests is to investigate material properties in 

controlled conditions, by monitoring the evolution of fundamental material properties under 

repeated loading. Typical laboratory tests are bending tests (two-, three- and four-point), 

tension-compression tests and shear tests. 

Regarding laboratory fatigue tests on bituminous mixtures, results appear to be 

significantly affected by test type (Di Benedetto, de la Roche, Baaj, Pronk, & Lundström, 

2004), therefore comparison of various materials in terms of their fatigue resistance can be 

misleading if test results have been obtained using different test configurations. 

Although in situ measurements showed the real shape of stress and strain signals 

occurring in pavement layers, during laboratory tests, materials are generally subjected to 

simplified cyclic loading signals. The most common type of signal is sinusoidal, but square or 

haversine wave forms are also used. Different conclusions are drawn on the effect of the type 

of wave form on fatigue test results (Homsi, 2011; Raithby & Sterling, 1972; Said, 1988). 

When performing homogeneous tests (stresses and strains are the same in every point of 

the sample), sinusoidal loading can be applied in stress control mode or in strain control 

mode. When in stress control mode, a stress signal is imposed and the corresponding strain is 

measured. If a strain signal is applied and corresponding stress is measured, the test is 

performed in strain control mode. Figure 1.36 shows schemes of imposed loading signals and 

measured material responses during tests performed in both strain and stress control modes. 



 

Chapter 1 – Literature review 

 

58 

 

 

Figure 1.36 - Schemes of tests performed in: (a, b) strain control mode; (c, d) stress control 

mode (edited after Di Benedetto & Corté, 2005). 

When tests are carried out in stress control mode with a cyclic loading not centered on 

zero (Figure 1.36d), an accumulation of permanent deformation occurs. For this reason, this 

type of tests should not be used to characterize fatigue performance of bituminous materials. 

During stress-controlled tests, once a crack generates within the material, its propagation 

is rapid, because of the progressive stress concentration at crack tip. During strain-controlled 

tests, instead, crack propagation is slow. 

If the performed test is not homogeneous (that is, stresses and strains are not identical in 

every point of the sample), it is incorrect to classify it as a stress or strain-controlled tests, 

since these two parameters cannot be adequately monitored. The correct expressions should 

be "force control" and "deformation control". 

1.5.3 Fatigue failure criteria used for laboratory tests on bituminous mixtures 

During fatigue tests, material properties undergo a progressive deterioration. This 

phenomenon, together with premature failure, is considered to be the effect of repeated 

loading. Specifically, as the number of cycles progresses, the norm of complex modulus 

decreases while phase angle increases. Therefore, during stress-controlled tests, measured 

strain increases with the number of cycles until sample failure. On the contrary, during strain-

controlled tests, stress decreases with increasing number of cycles to values ideally close to 

zero or until sample failure. 

Failure, however, does not coincide necessarily with macroscopic fracture of the sample. 

In fact, observing the evolution of complex modulus, three distinct phases (Figure 1.37) can 

be identified in a fatigue test (Baaj et al., 2003; Di Benedetto, Ashayer Soltani, & Chaverot, 

1996; Di Benedetto, de la Roche, Baaj, Pronk, & Lundström, 2004): 
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 Phase I (adaptation): |E*| decreases rapidly while φ increases. However, during this 

phase fatigue does not appear to have a major role in material properties evolution, 

mostly caused by non-linearity, heating and thixotropy (Section 1.5.6). 

 Phase II (quasi-stationary): During this phase |E*| and φ show a slow and quasi-linear 

evolution trend. Although biasing effects are still present, fatigue damage contributes 

to the deterioration of material properties. 

 Phase III (failure): The test can no longer be interpreted according to continuum 

mechanics assumptions. In fact, as explained afterwards, this phase is characterized 

by crack propagation. For this reason, LVE properties cannot be determined as 

during the previous phases of the test.  

a)         b)  

Figure 1.37 – Distinction between the three phases during a fatigue test: (a, left) evolution of 

norm of complex modulus; (b, right) evolution of phase angle 

It is generally considered that during phases I and, above all, II, fatigue damage is caused 

by the progressive development of a microcrack network that progressively weakens the 

material. When this network reaches a critical extent, microcrack coalescence occurs, leading 

to the appearance of a macrocrack. This circumstance marks the transition to phase III, 

characterized by crack propagation. It is important to understand that the presence of a crack 

causes the test configuration not to be homogenous anymore, therefore obtained complex 

modulus data during phase III cannot be considered as material properties. 

Several criteria have been developed to interpret material properties evolution during 

fatigue tests and to determine the number of cycles corresponding to failure. An overview of 

the most important criteria is presented in this section. 

1.5.3.1 Classical approach 

It is the simplest criterion and it is prescribed by EN 12697-24:2012. It consists in 

considering fatigue life Nf50 as the number of cycles corresponding to a 50% reduction of the 

norm of complex modulus with respect to its initial value. 
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This criterion is criticized by the majority of the researchers, since the choice of the 

percentage of complex modulus reduction is arbitrary and it does not take into account biasing 

effects occurring during fatigue tests (Di Benedetto, de la Roche, Baaj, Pronk, & Lundström, 

2004; Di Benedetto, Ashayer Soltani, & Chaverot, 1996; Kim, Lee, & Little, 1997 among 

others). 

1.5.3.2 Energetic approach 

This method is based on the evolution of the energy dissipated by the material during 

cyclic loading (Section 1.4.1.5). In particular, the criterion requires monitoring the evolution 

of parameter DER (Dissipated Energy Ratio) defined as: 

   

 DER =
∑ Wi

N
i=1

WN
 (1.118) 

   

where N is the cycle number, and WN is the energy dissipated during cycle N (Hopmann, 

Kunst, & Pronk, 1989). 

According to this method, if DER is plotted against the number of cycles, failure is 

determined when DER shows a change in its evolution trend. In fact, from the beginning of 

the test DER has a quasi-linear trend until it deviates. For stress-controlled tests, fatigue life 

NDER is defined as the number of cycles corresponding to the intersection of the fitting line of 

the first part of the test with the horizontal line passing by the peak of DER (Figure 1.38a). 

For strain-controlled tests, NDER corresponds to the intersection between the fitting line of the 

first part of the test with the fitting line of the end of the test (Figure 1.38b). 

a)         b)  

Figure 1.38 - Scheme of fatigue life determination according to DER method for: a) stress-

controlled test; b) strain-controlled test. 

Some authors proposed a modification to this model, by considering NfDER as the number 

of cycles corresponding to the deviation of DER curve from the initial line: Pronk (1995) 

recommended to use the first deviation, other authors suggested different values of relative 

difference (Bocci, Cardone, Cerni, & Santagata, 2006; Soenen, de la Roche, & Redelius, 

2003). 
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1.5.3.3 Second inflexion point/phase angle peak criterion 

This criterion, proposed by Kim et al. (2003), consists in identifying two inflexion points 

on the |E*|-N curve. The Second Inflexion Point (SIP), also corresponding to the peak of the 

phase angle, is considered as representative of a change of the mechanical behavior of the 

material, due to fatigue damage accumulation (Figure 1.39). For this reason, the number of 

cycles corresponding to the SIP is retained as the fatigue life Nfφ. 

 

Figure 1.39 – Example of determination of SIP for three different fatigue tests (edited after 

Kim et al., 2003). Normalized modulus values are shown on the left axis, while phase angle 

values are reported on the right axis. 

1.5.3.4 "Local" criteria 

The methods hitherto described are based on monitoring the general response of the 

sample during repeated loading. It is also possible to estimate the number of cycles 

corresponding to the transition between phases II and III, considered as representative of 

sample failure, based on the homogeneity of the stress and strain field in the sample (Ashayer 

Soltani, 1998; Baaj, 2002). 

This approach was developed for tension-compression fatigue tests on cylindrical 

specimens of bituminous mixtures. The hypothesis is that when the transition between phases 

II and III occurs, a crack starts propagating, therefore disturbing the homogeneity of the strain 

field of the sample. 

In order to evaluate the different deformation in different points of a cylindrical sample 

tested in tension-compression mode, strain measurements must be performed using at least 
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three extensometers placed at 120° from each other. With this configuration, while axial strain 

amplitude is evaluated as the average of the three values measured by the extensometers, it is 

possible to monitor the relative difference Δεi between each strain signal amplitude and the 

average amplitude. When any one of the three Δεi (one for each extensometer) exceeds 25% 

(in absolute value), the sample strain field is considered not to be homogenous anymore, thus 

indicating the presence of a crack. Sample failure is assumed and the corresponding number 

of cycles is considered as the fatigue life NfΔε. 

The same approach can be followed by monitoring phase angle signal amplitudes. When 

the relative difference Δφi between phase angle signal of each extensometer and the average 

signal value exceeds 5° (in absolute value), failure occurrence is assumed. The corresponding 

number of cycles is considered as the fatigue life NfΔφ. 

a)  

b)  

Figure 1.40 – Example of estimation of (a, top) NfΔε and (b, bottom) NfΔφ for a tension-

compression fatigue test performed on a bituminous mixture cylindrical specimen (edited 

after Tapsoba, 2012). 



 

LVE properties and fatigue of bituminous mixtures with RAP and corresponding binder blends 

 

63 

 

1.5.4 Other analysis methods used for fatigue tests performed on bituminous materials 

1.5.4.1 ViscoElastic Continuum Damage (VECD) approach 

This approach was originally introduced for metal creep at high temperatures (Kachanov, 

1986, as cited in Di Benedetto & Corté, 2005) and then extended to other materials, such as 

bituminous materials. 

In order to characterize the progressive deterioration of material properties in terms of 

reduction of effective surface resisting to efforts,  a damage variable D can be defined so that 

   

 S̃ = S D (1.119) 

   

where S is the undamaged initial effective load bearing cross-section of the sample and S̃ is 

the damaged cross-section after damage D. Therefore, D varies between 0 (for an undamaged 

material) to 1 (for a ruptured material). 

Assuming an isotropic damage, in the mono-dimensional case, the effective stress σ̃ acting on 

the damaged material is equal to 

   

 σ̃ =
σ

1 − D
 (1.120) 

   

Constitutive equations for the damage material can be written, such as, for an elastic 

material: 

   

 σ̃ = Eε (1.121) 

   

The fatigue process is therefore modeled by establishing a damage evolution law usually 

depending on applied strain and current state of damage. Several authors followed different 

approaches to define damage laws. One of the most commonly used approach is based on 

Schapery's work potential theory (Schapery, 1990, as cited by Lundström, 2004). When a 

material experiences damage during loading, the external work applied is not entirely 

converted into deformation energy. Schapery observed that, in certain cases, the total work 

during damage is independent of deformation history. 

By further developing this concept, the so-called ViscoElastic Continuum Damage 

(VECD) theory has been proposed, in order to characterize and model damage accumulation 

for materials subjected to cyclic or monotonic loading. For more information, the reader can 

refer to Kim et al. (1997). 

1.5.4.2 DIIIC approach 

This method was developed at the ENTPE to correct the influence of biasing effects 

(Section 1.5.6) when analyzing fatigue test results on bituminous mixtures. It is based on 
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monitoring damage evolution during a tension-compression fatigue test on cylindrical 

samples (Baaj, 2002; Baaj et al., 2005; Di Benedetto, de la Roche, Baaj, Pronk, & Lundström, 

2004).  

Damage is calculated in terms of decrease of norm of complex modulus, as follows: 

   

 D(N) =
|E0

∗| − |EN
∗ |

|E0
∗|

 (1.122) 

   

where D(N) is damage at cycle N, |E*
N| is the norm of complex modulus at cycle N and |E*

0| is 

the initial complex modulus. 

The method is based on the hypothesis that biasing effects can be estimated by 

monitoring values of energy dissipation per cycle WN.  The damaging rate during the test is 

therefore calculated and corrected accordingly. 

The |E*|-N curve is divided into different intervals (). In particular, three intervals are 

considered, during phase II: 

 interval 0 (cycles 40,000-80,000); 

 interval 1 (cycles 50,000-150,000); 

 interval 2 (150,000-300,000). 

The highest possible interval should be taken into account. For the chosen interval i (0, 1 

or 2), several parameters are calculated: 

 |E*
0|: initial modulus of the sample, calculated by extrapolation to cycle 1 of the 

linear regression performed between cycles 50 and 250; 

 |E*
00i|: extrapolation to cycle 1 of the linear regression performed on all complex 

modulus values of interval i; 

 aTi: normalized damaging rate, calculated by linear regression of the interval as 

   

 aTi =
d|E∗| dN⁄

|E00i
∗ |

 (1.123) 

   

 W00i: extrapolation to cycle 1 of the linear regression performed on all WN values of 

interval i; 

 aWi: normalized energy dissipation evolution rate, calculated by linear regression of 

WN as follows 

   

 aWi =
dWN dN⁄

W00i
 (1.124) 

   

 aFi: corrected fatigue rate, obtained as 
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 aFi = aTi + aWiCi

|E0
∗| − |E00i

∗ |

|E00i
∗ |

 (1.125) 

   

where Ci is a coefficient taking into account the non-linearity of the damaging 

phenomenon, whose values depend exclusively on the interval, as follows: 

   

 C0 =
4

5
 C1 =

3

4
 C2 =

2

3
 (1.126) 

   

a)  

b)   

Figure 1.41 – Determination of parameters: (a, top) |E*
0|, |E

*
00i| and aTi; (b, bottom) W00i and 

aWi. The scheme of the energy dissipation curve represents a stress-controlled test. 

An additional advantage of this method is that it is independent of the loading mode 

(stress or strain control mode), therefore test results obtained with different loading modes can 

be compared. 
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Cumulated damage at the transition between phases II and III is also evaluated. The 

authors do not propose a specific method to determine fatigue life. The uncorrected damage 

value DIII is equal to 

   

 DIII =
|E0

∗| − |EIII
∗ |

|E0
∗|

 (1.127) 

   

where |E*
III| is the norm of complex modulus at the transition point. 

From Equations (1.125) and (1.127), the following expression can be obtained, to 

calculate the damage value corrected from biasing effects, DIIIC: 

   

 DIIIC = DIII − Ci

|E0
∗| − |E00i

∗ |

|E0
∗|

 (1.128) 

   

Recent studies showed that, although DIII values obtained for different fatigue tests vary 

according to the strain level imposed for the test, DIIIC values appear to remain approximately 

equal (Tapsoba, Sauzéat, & Di Benedetto, 2013). These results, however, need further 

validation. 

1.5.5 Self-healing 

It is well known that bituminous materials subjected to repeated loading can exhibit a 

significant recovery of LVE properties if sufficiently long rest periods are maintained 

(Bonnaure et al., 1982; Deacon & Monismith, 1967; Hsu & Tseng, 1996; Raithby & Sterling, 

1970; Santagata, Baglieri, Tsantilis, & Dalmazzo, 2013; Smith & Hesp, 2000). This 

phenomenon is usually referred to as "self-healing" (Bazin & Saunier, 1967; Phillips, 1999; 

Pronk, 1997). 

Several authors studied the self-healing phenomenon by introducing rest periods on 

laboratory fatigue tests. Within a fatigue test, rest periods can be maintained in two ways: 

 after each loading cycle, thus performing fatigue tests with intermittent cyclic 

loading; 

 by alternating continuous loading periods and rest periods (discontinuous 

loading). 

Since fatigue damage is usually evaluated in terms of material properties deterioration, 

several research efforts focused on the evaluation of mechanical property recovery during rest 

periods and its impact on fatigue life. 

For intermittent cyclic tests, a general improvement of fatigue life has been observed. 

Test temperatures appears to have a positive influence on the magnitude of fatigue life 

improvement (Bonnaure, Huibers, & Boonders, 1982; Raithby & Sterling, 1972). Moreover, a 

longer relative duration of rest periods with respect to loading cycles enhances the 
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improvement of fatigue life (van Dijk & Visser, 1977). However, the positive effect of rest 

periods reduces when their relative duration increases until, for considerably long rest periods, 

fatigue life does not further ameliorate (Bonnaure et al., 1982; Francken, 1979). 

Similar findings have been reported for discontinuous tests. Although difficult to 

estimate, the considerable increase of fatigue life due to the introduction of rest periods 

appears to depend on temperature and on the damage state of the material at the beginning of 

the rest period (de la Roche, Breysse, Bruhat, & Chauvin, 2000; Doan, 1977; Kim et al., 

2003; Planche et al., 2004). 

Nevertheless, it is important to disambiguate the term "self-healing". This term is 

commonly used to define the recovery of material properties during rest periods maintained 

after repeated loading. However, a distinction should be made. Self-healing consists in actual 

recuperation of LVE properties after real damage occurrence, such as material cracking. 

Experimental investigations about this point have been carried out by, among others, Qiu, van 

de Ven and Molenaar (2013) by evaluating crack closure and strength gain for bituminous 

binders, mastics and mixtures. The concept of self-healing does not apply to materials that did 

not experience cracking. In this case, the observed recovery of LVE properties during rest 

periods can be ascribed to various transient phenomena.  

1.5.6 Biasing effects not related to fatigue 

The objective of laboratory fatigue test is to simulate the effect of repeated vehicle passes 

on the material constituting a pavement section. In real traffic conditions, a relatively long 

pause exists between two consecutive vehicle passes (that is, the duration of the pause is 

generally greater than that of the vehicle pass on a given point). Reproducing the same 

loading conditions in laboratory tests is extremely time-consuming. For this reason, 

laboratory fatigue tests are generally performed by continuously applying cyclic loading to 

material samples, without rest periods. However, fatigue life estimations obtained from 

laboratory tests do not always correlate with the apparition of fatigue distress in pavements 

(de la Roche et al., 1994; Nunn, 1994). 

In order to avoid gross errors in the estimation of material fatigue performance, it is 

important to isolate transient reversible phenomena non-related to fatigue damage occurring 

during repeated loading (Di Benedetto, Ashayer Soltani, & Chaverot, 1996; Di Benedetto, de 

la Roche, Baaj, Pronk, & Lundström, 2004). The concept of biasing effects has been 

introduced to define these phenomena. Biasing effects generally treated in literature are non-

linearity, self-heating and thixotropy. Previous research was conducted on the quantification 

of each of these biasing effects appearing during fatigue tests on bituminous materials 

(Delaporte, Van Rompu, Di Benedetto, Chaverot, & Gauthier, 2008; Di Benedetto, Nguyen, 

& Sauzéat, 2011; Nguyen, Di Benedetto, & Sauzéat, 2012). 
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1.5.6.1 Non-linearity 

As already stated (Section 1.3.2), it is widely accepted that bituminous binders exhibit a 

linear viscoelastic behavior (that is, strain amplitude is proportional to stress amplitude, 

Lakes, 2009), provided that applied strain level is not higher than a threshold value, called 

LVE limit, characteristic of the material (Delgadillo, Cho, & Bahia, 2006). 

It is complicated to determine a LVE limit for bituminous mixtures. A generally accepted 

value is 100µm/m (Airey et al., 2003). However, because of their internal structure, the binder 

located within inter-aggregate spaces can be subjected to strain levels significantly higher 

than the overall mixture strain (Kose, Guler, Bahia, & Masad, 2000). Thus, mixture behavior 

can show sensible non-linearity for relatively low strain levels applied on samples. Since this 

effect could be confused with damage accumulation, non-linearity should be taken into 

account when performing fatigue tests on bituminous mixtures (Di Benedetto et al., 2011; 

Doubbaneh, 1995; Gauthier, Bodin, Chailleux, & Gallet, 2010; Nguyen, 2011). 

1.5.6.2 Self-heating 

Viscoelastic and elasto-plastic materials show a temperature increase (usually referred to 

as "self-heating") when subjected to, respectively, repeated loading or a solicitation higher 

than the yielding limit of the material (Farren & Taylor, 1925; Oldyrev, 1967; Taylor & 

Quinney, 1934). Significant self-heating has been observed during fatigue tests performed on 

bituminous binders and mixtures (Ashayer Soltani, 1998; Bodin, Soenen, & de la Roche, 

2004; Lundström, Ekblad, & Isacsson, 2004). 

Given the temperature dependency of mechanical properties of bituminous mixtures, 

self-heating effect cannot be disregarded in the context of fatigue testing (a 1°C-temperature 

increase causes a complex modulus reduction of approximately 5%). Nevertheless, different 

conclusions are reached about the role of self-heating in the variation of material properties 

observed during fatigue tests. In fact, some studies showed that its influence appears to be 

non-negligible, especially during phase I (Bodin, Soenen, & de la Roche, 2004; Nguyen et al., 

2012), while other authors observed only a minor role of self-heating in fatigue test 

experimental results (Pronk, Krans, & van Gogh, 1996). 

1.5.6.3 Thixotropy 

According to International Union of Pure and Applied Chemistry (IUPAC), "the 

application of a finite shear to a system after a long rest may result in a decrease of the 

viscosity or the consistency. If the decrease persists when the shear is discontinued, this 

behaviour is called work softening (or shear breakdown), whereas if the original viscosity or 

consistency is recovered this behaviour is called thixotropy" (IUPAC). The accepted 

explanation of thixotropy is related to the assumption of a slow build-up of a microstructure 
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as a result of weak attractive forces between particles. Flow application causes the particle 

network to break (Mewis & Wagner, 2009). Evidences of thixotropy occurrence have been 

found in bituminous materials (Gauthier et al., 2010; Mouillet, de la Roche, Chailleux, & 

Coussot, 2012; Perez-Jiménez, Botella, & Miró, 2012; Santagata et al., 2013; Shan, Tan, 

Underwood, & Kim, 2011). 

Thixotropy can have a greater influence than self-heating on material property variation 

during a fatigue test on mastics (Delaporte et al., 2008). The same observation has been 

reported for mixtures (Di Benedetto et al., 2011; Soltani & Anderson, 2005). 

1.6 Reclaimed Asphalt Pavement (RAP) material 

1.6.1 Key figures about recycling of bituminous materials 

Asphalt pavement is a 100% recyclable material. Reclaimed Asphalt Pavement (RAP) is 

the term used to indicate materials obtained from milling or crushing of existing pavement 

bituminous layers. Sustainability issues, both environmental and economical, lead the asphalt 

pavement industry to progressively increase the exploitation of this valuable resource. Indeed, 

use of RAP materials is a widely adopted solution for construction and maintenance of road 

structures for sustainability reasons (Al-Qadi, Elseifi, & Carpenter, 2007; Copeland, 2011; 

Eddhahak-Ouni et al., 2012; McDaniel, Shah, Huber, & Copeland, 2012; Mogawer, 

Austerman, Mohammad, & Kutay, 2013; Mogawer et al., 2012; Sias Daniel, Gibson, Tarbox, 

Copeland, & Andriescu, 2013; Tapsoba, Sauzéat, Di Benedetto, Baaj, & Ech, 2014; Visintine, 

Khosla, & Tayebali, 2013). 

Production of new asphalt pavement material in the U.S. in 2011 amounted to 366 

million tons. In the same year, 79.1 million tons of RAP material were produced and 66.7 

million tons were used to produce new hot or warm asphalt mixtures. Only 0.3 million tons 

were landfilled (Hansen et al., 2013). 

On the European side, use of RAP material is common practice. As of 2011, total 

production of asphalt mixtures was equal to 324.3 million tons, with a total amount of RAP 

material available equal to 54 million tons. Percentages of RAP use in new pavements 

reached 100% in some countries (European Asphalt Pavement Association [EAPA], 2012). 

According to Beuving (2012), in 2011, more than 85% of the available RAP material was re-

used.  

When dealing with hot recycling, RAP use is usually limited to percentages not 

exceeding 30%, because of practical and technical limitations of production plants (Planche, 

2008). However, new plants have been designed in order to handle RAP contents up to 70% 

(Olard, Beduneau, Bonneau, Dupriet, & Seignez, 2009). 
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1.6.2 Production of bituminous mixtures containing RAP material 

Recycling of RAP material in new bituminous mixtures can be performed either directly 

in the field ("in-place" recycling) or by pre-treating millings in a plant before transferring 

them to the field ("central plant recycling"). Moreover, two types of procedures exist to 

recycle RAP: "hot" and "cold" recycling (Asphalt Recycling and Reclaiming Association 

[ARRA], 2001). 

When performing hot recycling, RAP is included in a new HMA mixture and therefore 

heated to high temperatures. In central plant recycling, RAP is pre-heated before mixing with 

new aggregates and bitumen. Three main methods are available for hot in-place recycling: 

surface recycling, remixing and repaving.  In surface recycling, the existing surface layer is 

softened with heat, scarified, mixed and compacted. This treatment is used to correct 

deformed pavement surface profiles. Remixing is the closest methods to central plan 

recycling. It consists in mixing the scarified RAP with new aggregates and bitumen to 

produce a new HMA mix, which is then compacted. Repaving is a combination of the last two 

methods. In this case, once the existing layer has been removed for recycling, scarification is 

performed to a greater depth. The recycled mix is then compacted to produce a leveling layer 

and a new HMA mix is placed as a surface layer. 

As opposed to hot recycling, cold recycling does not involve heat treatments, therefore 

binder is added in the form of cutback bitumen or, more frequently, emulsions. It is usually 

performed in-field, although cold central plant recycling is also possible. 

Special additives can be added to RAP in both hot and cold recycling processes. 

1.6.3 RAP material characteristics 

Following EN 13108-8:2006, RAP material must fulfill certain characteristics. In fact, 

HMA of existing pavements can undergo significant changes during service life, for both 

binder (aging) and aggregates (degradation because of traffic and environment). For this 

reason, RAP properties need to be determined before proceeding to actual recycling. 

PDS analysis is performed on RAP material (before binder recovery). The grading curve 

must be between 0/20 mm and 0/31 mm, with a retained aggregate fraction at 25 mm lower 

than 7%. Moreover, since RAP material is dried before mixing to other components, its initial 

water content must be lower than 3%. 

The binder fraction of RAP material is then recovered, thus obtaining RAP-extracted 

binder and RAP aggregates. RAP aggregate grading curve must be between 0/10 mm and 

0/14 mm, with filler content between 8% and 12%.  

RAP binder is usually aged, because of the aging suffered both during mixing and 

compaction of the original HMA mixture and during service life of the pavement. Its 

penetration class, therefore, is usually lower than the original state (for pure bitumens). If 
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RAP material is obtained from a single lot, its binder content is similar to the one of the 

original HMA mix. 

1.6.4 Effects of RAP on complex modulus and fatigue resistance of bituminous 

mixtures 

Various studies have been conducted in order to evaluate the influence of RAP content 

on mechanical properties of mixtures. In general, the addition of RAP material is observed to 

cause an increase of complex modulus of mixtures. The effect is not important for RAP 

contents lower than 20%, but it becomes more and more significant with higher percentages 

(Li, Marasteanu, Williams, & Clyne, 2008; McDaniel, Soleymani, Anderson, Turner, & 

Peterson, 2000; Tapsoba et al., 2014). 

Literature findings about the influence of RAP on fatigue performances of mixtures are 

less consistent. Some researches show that the addition of RAP material can have a 

detrimental effect on fatigue resistance of mixtures (Huang, Zhang, & Kinger, 2004). On the 

contrary, other studies reported an increase of fatigue life (Tabaković, Gibney, McNally, & 

Gilchrist, 2010). However, these studies are generally conducted for RAP contents not 

exceeding 30%. Finally, some other investigations reported both improvements and 

deteriorations of fatigue life, according to RAP nature and eventual modifications of the 

binder in the produced mix (Hajj, Sebaaly, & Shrestha, 2009). 

Unfortunately, research on mixtures produced with high percentages of RAP is still 

limited, although developing (Doyle, Mejias-Santiago, Brown, & Howard, 2011; Visintine et 

al., 2013). 

Widyatmoko (2008) focused on the influence of RAP on properties of mixtures produced 

using rejuvenators. The results show that the addition of RAP has positive effects on 

mechanical performances of the final mixtures. In particular, fatigue resistance appears to 

improve with increasing RAP content (and rejuvenating additive). 

In general, a complete evaluation of the influence of RAP on performances of bituminous 

mixtures cannot be carried out by simply monitoring the overall evolution of mechanical 

parameters. In fact, the possible interaction of RAP material with fresh added aggregates and 

binder appears as a key issue. For this reason, several studies are focused on the investigation 

of the degree of blending between RAP and fresh binder within mixtures. An overview of the 

most important among them is presented in the following section. This issue is also one of the 

subjects of investigation addressed in this dissertation. 

1.6.5 Degree of blending between RAP and fresh binder within bituminous mixtures 

When producing a bituminous mixture with a certain amount of recycled material, RAP 

material comes in contact with fresh added binder. If no interaction takes place, RAP material 
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acts as a simple aggregate. This possibility is usually referred to as "black rock" case. On the 

contrary, RAP binder could fully blend with fresh added binder, therefore the bituminous 

component of the new mixture is a blend of the two binders. This possibility is referred to as 

the "total blend" case. 

As a first approximation, research on this subject has shown that for low RAP contents 

(approximately lower than 20%, depending on the study) the existence of actual blending 

could be neglected, while for higher RAP contents at least a certain amount of RAP binder 

blends with the fresh binder (Al-Qadi et al., 2009; Bonaquist, 2007; Eddhahak-Ouni et al., 

2012; El Beze, 2008; Huang et al., 2005; McDaniel et al., 2000; Stephens, Mahoney, & 

Dippold, 2001). 

In particular, McDaniel et al. (2000) carried out a statistical study to compare mechanical 

performances of bituminous mixtures containing RAP produced following common practice 

with black rock and total blend cases. These cases were simulated by producing, respectively, 

a mixture where fresh binder coats RAP material and a mixture whose binder is a perfect 

blend between fresh and RAP binders. At a RAP content of 40%, black rock case resulted 

similar to actual practice in less of 10% of the samples. At the same time, total blending and 

actual practice case were similar only in approximately 40% of the samples. More than 20% 

of the samples yielded different results than both total blending and black rock cases. The 

authors conclude that RAP does not act as a black rock and that a non negligible amount of 

partial blending occurs between RAP and fresh added binders. 

Huang et al. (2005) performed a staged extraction procedure to evaluate the blending 

degree of RAP and fresh binders around RAP aggregates. A layered structure was observed, 

with softer outer layers and stiffer inner layers. In particular, in terms of thickness, 60% of the 

total thickness could be assimilated to RAP binder and the outer 40% to a blend of RAP and 

fresh binders. The authors suggest that this structure helps reducing stress concentrations. 

However, they caution about the fact that the mixtures used on the study may not reflect most 

of the mixtures used in actual practice. 

El Beze (2008) studied the degree of blending from a chemical point of view, by 

focusing on the distribution of tracer of aged bitumen. The results show that a non 

homogeneous partial blending exists between aged and fresh binders. Moreover, these results 

have been obtained for mixtures produced by thoroughly pre-heating RAP and ensuring 

adequate mixing of all mixture components. In the field these conditions are not always 

respected. 

 

1.6.6 Mechanical properties of bitumen blends 

Characterization and prediction of viscoelastic properties of bitumen blends is 

traditionally performed by using blending charts or totally empirical laws, such as the so-
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called "log-log rule".Blending charts (Al-Qadi et al., 2007; Swiertz, Mahmoud, & Bahia, 

2011) are used to estimate PG temperatures of a bitumen blend by performing a linear 

interpolation of PG temperatures of its base binders (called, generally, A and B), according to 

their blending proportions. The following equation is used: 

   

 Tblend = a TA + b TB (1.129) 

   

where Tblend is the PG temperature of binder blend, TA and TB are PG temperatures of, 

respectively, base bitumens A and B, and a and b are mass fractions of, respectively, base 

bitumens A and B. 

The log-log rule (EN 13108-1:2007) is based on a similar approach. Penetration of a 

binder blend penblend is estimated by linearly interpolating penetration values of the two base 

bitumens A and B, respectively penA and penB, according to their blending proportions, as 

follows: 

   

 log penblend = a log penA + b log penB (1.130) 

   

where a and b are mass fractions of, respectively, base bitumens A and B. 

The problem with both of these approaches is that they can be used to predict mechanical 

properties of bitumen blends only at specific temperatures and frequencies. The development 

of a prediction method for viscoelastic properties of bitumen blends is one of the points 

addressed in this dissertation. 
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2 Experimental campaign and tested materials 

2.1 Experimental campaigns 

The experimental workload of the dissertation has been divided into three campaigns, 

each one centered on a specific subject. The first campaign, Campaign A, focuses on the 

recycling of bituminous materials. The influence of mixture design on mechanical properties 

of materials produced with RAP has been addressed by two parallel campaigns: Campaign 

B1, focusing on several mixture design parameters and Campaign B2, specifically centered 

about the influence of bitumen nature on mixture properties. 

Detailed characteristics of binders and mixtures, together with production procedures, are 

described in Section 2.2. Test procedures are described in Section 3. 

2.1.1 Campaign A 

2.1.1.1 Objective 

The objective of Campaign A is to evaluate the influence of RAP material on mechanical 

properties of bituminous mixtures. In particular, the effects of both RAP content and 

penetration grade of fresh added binder were analyzed, with respect to complex modulus and 

fatigue resistance of bituminous mixtures. 

Special attention was given to the possible blending between RAP binder and fresh 

added binder within mixtures produced with RAP. For this reason, bitumen blends were 

studied as well. 

2.1.1.2 Experimental plan 

A total of 21 mixtures were produced and tested in Campaign A. 

Twelve different bituminous mixtures were produced, following a full factorial 3141 (one 

three-level factor and one four-level factor) experimental design. RAP material content was 

chosen as a four-level factor (0%, 20%, 40% and 60%), while fresh binder penetration grade 
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was chosen as a three-level factor (15/25, 35/50 and 70/100). RAP content percentages were 

calculated by weight of the total mixture without fresh binder (weight of aggregates and RAP 

material). Therefore, 0%, 20%, 40% and 60% correspond, respectively, to 0%, 18.7%, 37.8% 

and 57.0% by weight of the total mixture. Since these percentages were calculated according 

to binder content within RAP material, they correspond also to the total binder content 

replaced by RAP binder (binder replacement ratio). For simplicity, hereafter when mentioning 

different mixtures, RAP contents are referred to as 0%, 20%, 40% and 60%. 

One more mixture was produced with 100% RAP binder. In order to produce this 

mixture, RAP binder was extracted from RAP material and used to produce the mixture, 

together with RAP aggregates. 

Seven additional mixtures were also produced with 15/25, 35/50 and 70/100 bitumens 

and 20% to 60% RAP material by adding a recycling agent, of vegetal origin. 

Finally, a so-called "perfect blend" mixture containing 70/100 binder and 60% RAP was 

produced, where fresh and RAP binders are fully blended (thus, recreating what in literature is 

usually referred to as "total blend" case, as explained in Section 1.6.5). In order to do so, a 

complete binder extraction was performed from the amount of RAP material needed to 

produce the regular mixture. RAP binder was then fully blended with 70/100 binder in the 

same proportions as in the mixture and this binder blend was then used to produce the mixture 

by using RAP aggregates (without binder) and new aggregates. 

Figure 2.1 shows a scheme of the experimental plan with actual percentages of RAP 

material. 

 

Figure 2.1 – Experimental plan of Campaign A. 
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Mixtures of Campaign A were named as follows: 

 "A.", for Campaign A; 

 RAP content percentage ("0.", "20.", "40.", "60." or "100."); 

 binder used ("15-25" for bitumen 15/25, "35-50"  for bitumen 35/50, "70-100" for 

bitumen 70/100, "RAP" for RAP-extracted bitumen); 

 ".agent" for mixtures produced with the recycling agent; 

 ".perfect" for the mixture produced with a perfect binder blend. 

As an example, the mixture produced with a 40% RAP content, fresh binder 35/50 and 

the recycling agent is called A.40.35-50.agent. 

Complex modulus and fatigue tests were carried out on all bituminous mixtures of 

Campaign A in two-point bending configuration. Tension-compression tests were also 

performed on selected mixtures. A summary of tests performed on mixtures of Campaign A is 

shown in Table 2.1. ALFABET (Advanced Laboratory Fatigue and Biasing Effects Test) test 

is a new tension-compression test procedure developed in the framework of this study.  

Table 2.1 – Bituminous mixtures of Campaign A and performed tests. 

 

A.0.15-25 X X X X

A.20.15-25 X X

A.20.15-25.agent X X

A.40.15-25 X* X*

A.40.15-25.agent X X

A.60.15-25 X X*

A.60.15-25.agent X X

A.0.35-50 X X X X X

A.20.35-50 X X X X X

A.20.35-50.agent X X

A.40.35-50 X X X X

A.40.35-50.agent X X

A.60.35-50 X X X X

A.60.35-50.agent X X

A.0.70-100 X X X X

A.20.70-100 X X X

A.40.70-100 X X

A.60.70-100 X X X X

A.60.70-100.agent X X

A.60.70-100.perfect X** X

A.100.RAP X X X

** test performed on one sample

*
 tests repeated on a second set of samples

mixture

two-point bending tension-compression

fatigue fatigue ALFABET
complex 

modulus

complex 

modulus
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Regarding two-point bending tests, complex modulus tests on mixture A.40.15-25 and 

fatigue tests on mixtures A.40.15-25 and A.60.15-25 were repeated on a second set of 

samples. Only one sample was used for complex modulus tests on mixture A.60.70-

100.perfect. 

For each mixture without recycling agent and produced according to the regular 

procedure, the corresponding binder blend was tested. Pure RAP binder was also included in 

the experimental plan, for a total of thirteen binders. Details about the blending procedure are 

given in Section 2.2.2. 

Bitumens were named according to base binder used and RAP binder content, as follows: 

 binder used ("15/25", "35/50", "70/100", "RAP binder"); 

 RAP content ("0% RAP", "20% RAP", "40% RAP" or "60% RAP"). 

As an example, the bitumen produced by blending fresh binder 70/100 and 40% RAP 

binder is called 70/100 + 40% RAP. 

Semi-empirical tests (penetration, softening point and Fraass breaking point) and SARA 

fractioning were performed on all bitumens of Campaign A. DSR complex modulus tests 

were carried out on all bitumens, while Métravib® complex modulus tests and DSR fatigue 

tests were run only on selected binders. A summary of tests performed on bitumens of 

Campaign A is shown in Table 2.2. 

Table 2.2 – Bitumens of Campaign A and performed tests. 

 

15/25 X X X X X X

15/25 + 20% RAP X X X X X

15/25 + 40% RAP X X X X X X

15/25 + 60% RAP X X X X X

35/50 X X X X X X X

35/50 + 20% RAP X X X X X X

35/50 + 40% RAP X X X X X X X

35/50 + 60% RAP X X X X X X

70/100 X X X X X X

70/100 + 20% RAP X X X X X

70/100 + 40% RAP X X X X X X

70/100 + 60% RAP X X X X X

RAP binder X X X X X X X

fatigue

bitumen

complex modulus

DSR Métravib® DSR

semi-empirical tests

penetration
softening 

point
Fraass

SARA
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2.1.2 Campaign B1 

2.1.2.1 Objective 

The objective of Campaign B1 is to qualitatively evaluate the influence of several 

mixture design parameters (aggregate nature, grading curve, filler nature, binder nature and 

binder content) on complex modulus and fatigue resistance of bituminous mixtures produced 

with 20% RAP. The purpose of this screening is identifying which parameters most influence 

material performances. 

This part of the study was conceived to simulate common industry practices, therefore all 

materials were produced following ordinary procedures and only two-point bending tests were 

performed. 

2.1.2.2 Experimental plan 

The experimental plan of Campaign B1 was built according to a fractional 25-1 (five two-

level factors) factorial design, for a total of 16 different mixtures. The use of this kind of 

design allowed reducing the number of required tests. 

The five selected mixture design factors and their chosen levels are: 

 aggregate nature: limestone ("Haut-Lieu" quarry) vs. basalt ("Roches Bleues" 

quarry); 

 grading curve: continuous vs. gap-graded (with the same nominal maximum particle 

size of 14 mm); 

 filler nature: limestone vs. hydrated lime; 

 binder content: 4.35% vs. 5.35% (by weight of the final mixture); 

 binder nature: 35/50 vs. 35/50 B (so called "multigrade") penetration grades. 

Bitumen 35/50 is the same binder used in Campaigns A and B2. Bitumen 35/50 B is the 

same binder used in Campaign B2. 

As already stated, all mixtures have a 20% RAP content. 

For each factor Xi (i = 1, 2, …, 5), arbitrary -1 and +1 values (for analysis purpose) were 

assigned to the two levels, as shown in Table 2.3. The design matrix and the corresponding 

mixtures tested in Campaign B1 are shown, respectively, in Table 2.4 and Table 2.5. 

Mixtures of Campaign B1 were named "B1.", for Campaign B1, followed by "mix1", 

"mix2", etc...  
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Table 2.3 – Factor levels of mixtures of Campaign B1. 

  

Table 2.4 – Design matrix of Campaign B1. 

  

+1 basalt gap-graded
hydrated 

lime
5.35% 35/50 B

-1 limestone continous limestone 4.35% 35/50

factor level

aggregate 

nature            

X1

grading 

curve            

X2

filler       

nature            

X3

binder 

content            

X4

binder 

nature            

X5

B1.mix1 +1 +1 +1 -1 +1

B1.mix2 -1 +1 +1 +1 -1

B1.mix3 -1 -1 +1 +1 +1

B1.mix4 +1 -1 -1 +1 +1

B1.mix5 -1 +1 -1 -1 +1

B1.mix6 +1 -1 +1 -1 -1

B1.mix7 +1 +1 -1 +1 -1

B1.mix8 -1 -1 -1 -1 -1

B1.mix9 -1 -1 -1 +1 -1

B1.mix10 +1 -1 -1 -1 +1

B1.mix11 +1 +1 -1 -1 -1

B1.mix12 -1 +1 +1 -1 -1

B1.mix13 +1 -1 +1 +1 -1

B1.mix14 -1 +1 -1 +1 +1

B1.mix15 -1 -1 +1 -1 +1

B1.mix16 +1 +1 +1 +1 +1

aggregate 

nature            

X1

grading 

curve            

X2

filler       

nature            

X3

binder 

content            

X4

binder 

nature            

X5

mixture
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Table 2.5 – Bituminous mixtures tested in Campaign B1. 

  

The design matrix of the fractional factorial design is based on the following defining 

relation: 

  X5 = X1X2X3 or I = X1X2X3X5  (2.1) 

B1.mix16 basalt gap-graded hydrated lime 5.35% 35/50 B

B1.mix15 limestone continuous hydrated lime 4.35% 35/50 B

B1.mix14 limestone gap-graded limestone 5.35% 35/50 B

B1.mix13 basalt continuous hydrated lime 5.35% 35/50

B1.mix12 limestone gap-graded hydrated lime 4.35% 35/50

B1.mix11 basalt gap-graded limestone 4.35% 35/50

B1.mix10 basalt continuous limestone 4.35% 35/50 B

B1.mix9 limestone continuous limestone 5.35% 35/50

B1.mix8 limestone continuous limestone 4.35% 35/50

B1.mix7 basalt gap-graded limestone 5.35% 35/50

B1.mix6 basalt continuous hydrated lime 4.35% 35/50

B1.mix5 limestone gap-graded limestone 4.35% 35/50 B

B1.mix4 basalt continuous limestone 5.35% 35/50 B

B1.mix3 limestone continuous hydrated lime 5.35% 35/50 B

B1.mix2 limestone gap-graded hydrated lime 5.35% 35/50

B1.mix1 basalt gap-graded hydrated lime 4.35% 35/50 B

mixture
aggregate 

nature

grading        

curve

filler           

nature
binder content

binder        

nature
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that is, column 5 of the design matrix is aliased with a linear combination of columns 1, 2 and 

3 (Wu & Hamada, 2002). 

Complex modulus and fatigue tests in two-point bending mode were carried out on all 

mixtures of Campaign B1. Fatigue tests were repeated on a second set of samples for mixtures 

B1.mix2, B1.mix12 and B1.mix13. A summary of tests performed on mixtures of Campaign 

B1 is shown in Table 2.6. 

Table 2.6 – Bituminous mixtures of Campaign B1 and performed tests. 

 

2.1.3 Campaign B2 

2.1.3.1 Objective 

Campaign B2 is intended as a complement to Campaign B1. It is specifically focused on 

the influence of bitumen nature on mechanical performances of bituminous mixtures 

containing RAP. All mixtures were produced with 20% RAP using common procedure. 

As in Campaign A, binder blends were produced and tested, together with their base 

bitumens.  

B1.mix1 X X

B1.mix2 X X*

B1.mix3 X X

B1.mix4 X X

B1.mix5 X X

B1.mix6 X X

B1.mix7 X X

B1.mix8 X X

B1.mix9 X X

B1.mix10 X X

B1.mix11 X X

B1.mix12 X X*

B1.mix13 X X
*

B1.mix14 X X

B1.mix15 X X

B1.mix16 X X

*
 tests repeated on a second set of samples

complex 

modulus

mixture

two-point bending

fatigue
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2.1.3.2 Experimental plan 

A total of eight different mixtures were produced, using different unmodified and 

modified bitumens. Table 2.7 lists all mixtures of Campaign B2 with corresponding binders. 

Details about bitumens are given in Section 2.2.2. 

Table 2.7 –  Bituminous mixtures tested in Campaign B2. 

 

As it can be observed in Table 2.7, mixtures were called as follows: 

 "B2.", for Campaign B2; 

 "20.", as they all have a 20% RAP content; 

 binder used. 

Bitumens 35/50, 35/50 + 20% RAP and 35/50 B are the same binders used in Campaigns 

A and B1. Mixture B2.20.35-50 is the same as mixture B1.mix9. 

A summary of tests performed on mixtures of Campaign B2 is shown in Table 2.8. 

Table 2.8 – Bituminous mixtures of Campaign B2 and performed tests. 

 

B2.20.10-20B 10/20 B

mixture base binder

B2.20.35-50 35/50

B2.20.35-50+2.5%SBS 35/50 + 2.5% SBS

B2.20.35-50B 35/50 B

B2.20.35-50+2%PPA 35/50 + 2% PPA

B2.20.Orthoprène Orthoprène®

B2.20.35-50B+2.5%SBS 35/50 B + 2.5% SBS

B2.20.35-50+4.5%SBS 35/50 + 4.5% SBS

B2.20.10-20B X X

B2.20.35-50* X X

B2.20.35-50+2.5%SBS X X X

B2.20.35-50+4.5%SBS X X

B2.20.35-50+2%PPA X X

B2.20.35-50B X X X

B2.20.35-50B+2.5%SBS X X

B2.20.Orthoprène X X X

* same mixture as B1.mix9 (tests already performed)

fatigue
complex 

modulus

mixture

two-point bending

ALFABET

tension-compression
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For every mixture, the corresponding binder blend was reproduced, similarly to what 

done in Campaign A. Base bitumens (without RAP) and pure RAP binder were also tested. A 

total of 17 binders are therefore included in the experimental plan of Campaign B2, as shown 

in Table 2.9. 

Table 2.9 – Bitumens of Campaign B2 and performed tests. RAP binder is already tested in 

Campaign A (Table 2.2). 

 

As in Campaign A, bitumens were named according to base binder used and RAP binder 

content. As an example, the bitumen produced by blending fresh binder 35/50 + 4.5% SBS 

and 20% RAP binder is called 35/50 + 4.5% SBS + 20% RAP. 

Semi-empirical tests (penetration, softening point and Fraass breaking point) were 

performed on all bitumens of Campaign B2. SARA fractioning was carried out only for 

unmodified bitumens (base and RAP binders and corresponding blends). DSR complex 

modulus and fatigue tests were carried out on selected bitumens as shown in Table 2.9. Tests 

on bitumens 35/50 and 35/50 + 20% RAP were already performed in Campaign A. 

2.2 Tested materials 

Detailed characteristics of all tested materials and production procedures of bitumen and 

mixture test samples are described in this section. 

10/20 B X X X X X X

10/20 B + 20% RAP X X X X X X

35/50
* X X X X X X X

35/50 + 20% RAP* X X X X X X X

35/50 + 2.5% SBS X X X X X

35/50 + 2.5% SBS + 20% RAP X X X X X

35/50 + 4.5% SBS X X X X X

35/50 + 4.5% SBS + 20% RAP X X X X

35/50 + 2% PPA X X X X

35/50 + 2% PPA + 20% RAP X X X X

35/50 B X X X X X X

35/50 B + 20% RAP X X X X X X

35/50 B + 2.5% SBS X X X X X

35/50 B + 2.5% SBS + 20% RAP X X X X

Orthoprène® X X X X X

Orthoprène® + 20% RAP X X X X

* same bitumens of Campaign A (tests already performed)

DSR
bitumen

semi-empirical tests

SARA

complex modulus fatigue

penetration
softening 

point
Fraass DSR Métravib®
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Materials of Campaign A were produced by the ETP laboratory in Ciry-Salsogne, while 

materials of Campaigns B1 and B2 were produced by the BP laboratory in Gelsenkirchen. 

2.2.1 RAP material 

RAP material used in the study was obtained from a single lot. Typical characteristics of 

RAP material used in the study were investigated. Figure 3 shows its gradation curve. 

 

Figure 2.2 – RAP material grading curve. 

Complete binder extraction was performed (following EN 12697-3:2006) at the ETP 

laboratory in Ciry-Salsogne. A 5.22% binder content was determined as the average value 

over 36 measurements on 18 samples (2 extractions for each sample). A 0.22% standard 

deviation was observed. 

RAP material was divided into two identical lots. One of them was used by the ETP 

laboratory in Ciry-Salsogne, while the other one by the BP laboratory in Gelsenkirchen. 

2.2.2 Tested bitumens 

The three fresh bitumens used in Campaign A are: 

 15/25: a 15/25 penetration hard paving grade bitumen (obtained by air-rectification); 

 35/50: a 35/50 penetration paving grade bitumen; 

 70/100: a 70/100 penetration paving grade bitumen. 

All of them are straight-run bitumens, produced at the Petroineos Lavéra (France) 

refinery. 

RAP binder used in Campaign A was extracted from the lot of RAP material sent to ETP 

laboratory in Ciry-Salsogne, following EN 12697-3:2006. 
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In Campaign B1, binders 35/50 (same as the one used in Campaign A) and 35/50 B were 

used. Bitumen 35/50 B is a 35/50 multigrade penetration grade bitumen issued from air 

rectification, produced at the Petroineos Lavéra refinery. 

In Campaign B2, the following binders were used: 

 10/20 B: a 10/20 penetration hard paving grade bitumen, air-rectified; 

 35/50: the same bitumen used in Campaigns A and B1; 

 35/50 + 2.5% SBS: bitumen 35/50 modified with 2.5% SBS cross-linked; 

 35/50 + 4.5% SBS: bitumen 35/50 modified with 4.5% SBS (with a high vinyl 

content) cross-linked; 

 35/50 + 2% PPA: bitumen 35/50 modified with 2.0% polyphosphoric acid; 

 35/50 B: the same bitumen used in Campaign B1; 

 35/50 B + 2.5% SBS: bitumen 35/50 B modified with 2.5% SBS cross-linked; 

 Orthoprène®: a soft paving grade bitumen, modified with a very high SBS content, 

cross-linked, with a continuous phase. 

Bitumen 10/20 B was produced at the Petroineos Lavéra refinery. Bitumen modification 

with SBS was performed at the ETP laboratory in Corbas, while modification with 

polyphosphoric acid was performed at the BP laboratory in Gelsenkirchen. 

RAP binder used in Campaigns B1 and B2 was extracted from RAP material lot sent to 

BP laboratory in Gelsenkirchen, following EN 12697-3:2006. As already explained, the two 

lots of RAP material used by the ETP laboratory in Ciry-Salsogne and the BP laboratory in 

Gelsenkirchen were extracted from the same original lot. For this reason, the differences 

observed for test results on RAP binders of Campaigns A and B2 (Table 2.10) are probably 

due to the variability of the lot and, above all, to binder extraction procedures followed. 

Results of classical semi-empirical tests (penetration, softening point and Fraas breaking 

point) and SARA fractioning of all bitumens of Campaigns A, B1 and B2 are reported in 

Table 2.10. SARA fractioning was not performed on modified bitumens. 

Bitumen blends of Campaigns A and B2 were produced by mixing fresh and RAP-

extracted binders. Blending proportions between RAP-extracted and fresh base binders were 

chosen in order to simulate real ratios between single components of corresponding asphalt 

mixtures produced in the study with the same proportions as in corresponding bituminous 

mixtures. Binder mixing was carried out using a high speed mixer, therefore ensuring perfect 

blending. 
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Table 2.10 – Results of semi-empirical tests and SARA fractioning for bitumens of Campaigns 

A, B1 and B2. SARA fractioning was not performed on modified bitumens. 

 

2.2.3 Tested bituminous mixtures 

All mixtures of Campaign A (Table 2.1) have the following common characteristics: 

 continuous 14-mm gradation curve, EME ("Enrobé à Module Élevé" in French, High 

Modulus Asphalt) type (EN 13108-1:2007); 

15/25 16 65.6 -2 4.5 57.9 21.8 15.8 0.25

15/25 + 20% RAP 16 67.8 0 5.0 56.8 22.0 16.2 0.27

15/25 + 40% RAP 12 70.0 -2 4.0 52.3 26.3 17.5 0.27

15/25 + 60% RAP 11 71.2 2 4.3 50.3 28.7 16.6 0.26

35/50 34 54.2 -7 5.2 59.4 24.8 10.7 0.19

35/50 + 20% RAP 24 57.8 -7 5.9 57.9 24.5 11.8 0.21

35/50 + 40% RAP 19 61.0 -6 4.7 53.4 27.5 14.4 0.24

35/50 + 60% RAP 16 64.8 -1 4.7 50.5 29.4 15.3 0.25

70/100 73 47.4 -14 6.5 59.7 24.7 9.1 0.18

70/100 + 20% RAP 42 51.2 -9 6.8 58.2 24.5 10.6 0.21

70/100 + 40% RAP 33 55.8 -11 5.5 53.8 29.0 11.8 0.21

70/100 + 60% RAP 22 60.4 -5 5.1 51.7 29.8 13.4 0.23

RAP binder                      

(Campaign A)
9 72.0 1 3.6 44.2 34.1 18.1 0.28

RAP binder                      

(Campaigns B1, B2)
15 65.2 -1 3.5 46.6 31.7 18.2 0.28

10/20 B 16 69.6 -10 4.8 54.8 21.9 18.5 0.30

10/20 B + 20% RAP 15 69.2 -3 5.2 56.8 20.9 17.1 0.29

35/50 + 2.5% SBS 30 58.4 -19 - - - - -

35/50 + 2.5% SBS + 20% RAP 24 61.0 -10 - - - - -

35/50 + 4.5% SBS 29 62.4 -18 - - - - -

35/50 + 4.5% SBS + 20% RAP 25 62.2 -9 - - - - -

35/50 + 2% PPA 26 70.4 -15 - - - - -

35/50 + 2% PPA + 20% RAP 22 67.6 -9 - - - - -

35/50 B 37 61.0 -17 9.6 54.1 18.6 17.7 0.38

35/50 B + 20% RAP 31 62.0 -13 10.6 53.4 17.2 18.8 0.42

35/50 B + 2.5% SBS 28 78.0 -19 - - - - -

35/50 B + 2.5% SBS + 20% RAP 25 67.6 -13 - - - - -

Orthoprène® 56 94.0 -15 - - - - -

Orthoprène® + 20% RAP 42 86.5 -20 - - - - -

IC [-]Bitumen
Penetration 

[dmm]

TR&B              

[°C]

TFraass              

[°C]

SARA

Saturates    

[%]

Aromatics 

[%]

Resins         

[%]

Asphaltenes 

[%]
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 silica-limestone aggregate, obtained from a single lot; 

 5.35% total binder content by weight of the final mix. 

All mixtures of Campaign B1 (Table 2.5) have 20% RAP content. 

All mixtures of Campaign B2 (Table 2.7) have the following common characteristics: 

 continuous 14-mm gradation curve, EME type; 

 20% RAP content; 

 limestone filler; 

 5.35% total binder content by weight of the final mix. 

Continuous and gap-graded grading curves used for mixtures are shown in Figure 2.3. 

 

Figure 2.3 – Continuous and gap-graded grading curves used for mixtures of Campaigns A, 

B1 and B2. 

For mixtures produced with the recycling agent, its content was fixed as a function of the 

amount of RAP binder included in the mixture. Therefore, as an example, mixtures containing 

60% of RAP material have higher recycling agent content than mixtures containing 20% 

RAP. In particular, its dosage was equal to 3.5% by weight of RAP binder. The agent was 

added to base binder before mixing. 

2.2.4 Production of bituminous mixture test samples 

Production temperatures of mixtures were fixed equal to equiviscous temperatures (with 

a 10°C tolerance) of corresponding binders, following EN 12697-35:2004+A1:2007. In any 

case, production temperature was limited to 185°C. For mixtures containing RAP, the 

equiviscous temperature of the corresponding binder blends was estimated according to the 

"log-log" rule, as prescribed by the norm.  
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For mixing, RAP was conditioned to a temperature 5°C higher than the desired mixing 

temperature for 2 to 3 hours, in a covered plate. Aggregates and bitumen were preheated to 

the desired mixing temperature. Bitumen was conditioned for 4 to 5 hours and aggregates are 

conditioned for at least 12 hours. Mixing was performed using a heated mechanical mixer. 

Aggregates were first inserted into the mixer, then RAP and finally bitumen. Mixing time was 

equal to 5 minutes. 

Mixtures were compacted into slabs using a LPC (Laboratoire des Ponts et Chaussées)-

type roller compactor, according to EN 12697-33:2003+A1:2007. 

As already explained, mixtures of Campaign A were produced and compacted at the ETP 

laboratory in Ciry-Salsogne, while mixtures of Campaigns B1 and B2 were prepared at the 

BP laboratory in Gelsenkirchen. Generally, one slab per material was produced, except for 

materials also tested at the ENTPE laboratory. For these mixtures, one supplementary slab 

was produced and sent to the ENTPE laboratory. For mixture A.20.35-50, two supplementary 

slabs were produced and sent to the ENTPE laboratory. The first one was used to obtain 

samples for complex modulus and fatigue tests, while samples for ALFABET tests were 

obtained from the second one. 

Trapezoidal samples for two-point bending tests were cut from slabs. Approximately 40 

samples were cut from each slab. A selection was then carried out according to void content. 

Three lots of six samples each (such that the average void content values of the three lots were 

as similar as possible) were selected for fatigue tests, while two samples (with similar void 

contents) were chosen for complex modulus tests. 

Cylindrical samples for tension-compression tests were obtained by coring. A typical 

coring plan for a slab is shown in Figure 2.4, together with sample names according to their 

original position in the slab. 

 

Figure 2.4 - Coring plan of slabs followed at the ENTPE laboratory. 

L1 C1 R1

L2 C2 R2

L3 C3 R3

L4 C4 R4

4 cm

4 cm
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When needed, a specific sample of a material is identified with the material name 

followed by the sample name. As an example, sample L4 of material A.20.15-25 is called 

A.20.15-25.L4. 

Void content of each sample was measured before performing tests. It must be noted that 

the same compaction energy was applied to compact all materials. This choice was made so 

that relevant results could be obtained about materials compacted in the field with the same 

compaction energy. For this reason, void content values of different samples showed some 

variability. The possible influence of void content variations on the conclusions of the 

analysis performed on test results was studied. 
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3 Experimental procedures 

3.1 Tests on bitumens 

Complex modulus tests on all bitumens were performed at the ETP laboratory in Corbas 

by using a Dynamic Shear Rheometer (DSR) device and, for some of them, also a Métravib® 

device. Fatigue tests on all bitumens were performed at the BP laboratory in Gelsenkirchen, 

by using a DSR device. 

3.1.1 Dynamic Shear Rheometer (DSR) tests 

A scheme of this device is shown in Figure 3.1. A cylindrical sample of bitumen is 

attached to two plates. One of the plates is fixed while the other one moves, thus imposing a 

shear loading to the sample. Loading can be performed in stress control or strain control 

mode. The rotation angle of the moving plate and the applied torque are continuously 

measured. 

a)                   b)  

Figure 3.1 – Scheme of a DSR test and sample size: (a, left) 8-mm diameter; (b, right) 4-mm 

diameter. 

2 mm

8 mm

imposed 
sinusoidal 
oscillation

2 mm

4 mm imposed 
sinusoidal 
oscillation
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It is important to highlight that, although commonly used, the term "dynamic" is not 

correct for this type of tests. In fact, this term should be used only when inertial effects are 

non negligible, whereas during DSR tests load is applied in quasi-static mode. 

Sample diameter (equal to plate diameter) and thickness can vary according to the 

performed test. Moreover, when using two parallel plates ("plate-plate"), shear strain and 

shear stress distributions within the sample are not homogeneous. In particular, their 

magnitudes vary along the radius of the sample and reach their maximum values at the outer 

edge. On the contrary, homogenous stress and strain distributions are obtained by using a 

conic upper plate ("cone-plate" configuration). Figure 3.2 shows schemes of both 

configurations. 

a)                b)  

Figure 3.2 – Schemes of: (a, left) parallel plate configuration; (b, right) cone-plate 

configuration. 

When parallel plate configuration is used, maximum values of shear stress and strain are 

retained for the analysis. Knowing sample radius r and thickness h, shear strain γ is calculated 

from rotation angle ϑ as follows: 

   

 γ =
ϑr

h
 (3.1) 

   

If the behavior is linear, shear stress τ is obtained from measured torque T as 

   

 τ =
2T

πr3
 (3.2) 

   

The measured torque value is corrected according to the compliance of the DSR spindle. 

In the present study, plate-plate configuration was used, with two different diameters, 

equal to 4 mm and 8 mm. Samples had a 2-mm thickness. DSR complex modulus tests were 

performed at the ETP laboratory in Corbas, while DSR fatigue tests were carried out at the BP 

laboratory in Gelsenkirchen. 
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The DSR device used at the ETP laboratory in Corbas is a Physica MCR 501®, 

manufactured by Anton-Paar®. Two DSR devices were used at the BP laboratory in 

Gelsenkirchen, a Bohlin Gemini 200® and a Kinexus Pro®, both manufactured by Malvern®. 

Main characteristics of the three rheometers are shown in Table 3.1. Pictures of the three 

devices are shown in Figure 3.3. 

Table 3.1 – Main characteristics of DSR devices used in the study. 

  

a)  b)  c)  

Figure 3.3 – DSR devices used in the study: (a, left) Physica MCR 501® (ETP laboratory in 

Corbas); (b, center) Bohlin Gemini 200® (BP laboratory in Gelsenkirchen); (c, right) Kinexus 

Pro® (BP laboratory in Gelsenkirchen). 

3.1.1.1 Complex modulus tests 

DSR complex modulus tests were performed at the ETP laboratory in Corbas. Tests were 

performed in strain control mode, by applying a sinusoidal shear strain signal and measuring 

Physica MCR 501® Bohlin Gemini 200® Kinexus Pro®

Plate diameter 8 mm 8 mm (roughed) 4 mm (roughed)

Torque range 0.1 µNm - 230 µNm 0.05 µNm - 200 µNm 0.05 µNm - 200 µNm

Torque resolution < 1 mNm < 1 mNm 0.1 mNm

Angular position resolution 12 nrad 50 nrad < 10 nrad

Frequency range 10 µHz - 100 Hz 1 µHz - 150 Hz 1 µHz - 150 Hz

Temperature control Peltier cell Water bath Peltier cell

Temperature range -30°C - 70°C 5°C - 95°C -30°C - 200°C

Temperature resolution < 0.1 °C < 0.1 °C < 0.1 °C

Laboratory ETP Corbas BP Gelsenkirchen
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the corresponding shear stress. Complex shear modulus G* is obtained as described in 

Equation (1.42). 

Complex modulus tests were performed at different temperatures, from -17.6°C to 70°C, 

and different frequencies, from 0.010 Hz to 100 Hz, as shown in Table 3.2. 

Table 3.2 – Temperatures and frequencies used for DSR complex modulus tests on bitumens. 

 

In order to produce DSR samples, bitumen is heated to a temperature between 150°C and 

185°C and carefully stirred to ensure adequate homogenization. It is then poured into a 60 

mm x 40 mm x 2.3 mm silicon mold and maintained at ambient temperature until thermal 

equilibrium is reached. The sample is obtained by means of a 8 mm punch and placed in the 

DSR, where plates are already preheated to 40°C. The gap is set and the sample is conditioned 

to test temperature. During the whole procedure, trimming is not performed. 

A total of 22 DSR complex modulus tests were carried out on bitumens of Campaign A 

and B2. 

Temperature [°C] Frequency [Hz]

0.010

0.038

0.139

0.518

1.93

7.20

26.8

100

0.010

0.038

0.144

0.548

2.08

7.90

30

15 0.030

30 0.119

40 0.475

50 1.89

60 7.54

70 30

-17.6

-16.5                                                     

-12.9                                                    

-7.3                                          

0                                                   

10
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3.1.1.2 Fatigue tests 

DSR complex modulus tests were performed at the BP laboratory in Gelsenkirchen. 

Tests were performed in strain control mode, by repeatedly applying a sinusoidal shear strain 

signal with constant strain amplitude and measuring the evolution of the corresponding shear 

stress. Tests were carried out at 10°C, at a frequency of 25 Hz. Fatigue life was determined as 

the number of cycles corresponding to sample failure or to a 50% reduction of complex 

modulus with respect to the initial value. 

For each bitumen, a minimum of five and a maximum of 14 samples were tested at 

different shear strain levels (from a minimum of 0.4% to 6.6%). Values of fatigue life N and 

corresponding strain amplitude γ obtained for each bitumen were fitted with a linear 

regression in log-log scale in order to plot a Wöhler curve, as follows: 

with a and b being two constants. A coefficient of determination R2 is calculated. 

The shear strain amplitude γ6 yielding a fatigue life of 106 cycles was estimated, based on 

the fitting line, as follows 

   

 γ6 = 10b(6−a) (3.4) 

   

An examples of a Wöhler curve obtained for a bitumen of Campaign B2 (9 tested 

samples) is shown in Figure 3.4, with estimation of parameters γ6 and 1/b. 

 

Figure 3.4 – Example of Wöhler curves and fatigue parameter estimation for a bitumen of 

Campaign B2 (10/20 B + 20% RAP), with nine tested samples. 

4

5

6

7

-0.5 -0.4 -0.3 -0.2 -0.1 0.0

lo
g 

N

log γ

log γ6

1/b

1
γ6 = 0.49%

1/b = -4.98

   

 log N = a +
1

b
log γ (3.3) 
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In order to produce a DSR sample, bitumen is heated to a temperature between 150°C 

and 185°C and poured into silicon molds. Before pouring it, bitumen is carefully stirred to 

ensure adequate homogenization. The sample is maintained in the mold at ambient 

temperature for a maximum time of 72 hours. Then, it is removed and placed in the DSR 

(plates are already preheated to 80°C, to ensure perfect adhesion). A 2-mm gap is set and the 

lateral excess of material is trimmed. Once the sample is ready, a conditioning time of 60 

minutes at test temperature is imposed. 

In order to improve sample adhesion, roughed plates were used for fatigue tests. 

In Campaigns A and B2, 180 bitumen samples were used for DSR fatigue tests. 

3.1.2 Métravib® tension-compression tests 

Complex modulus tests were performed in tension-compression mode for certain 

bitumens, using a Métravib® apparatus, at the ETP laboratory in Corbas. Sample geometry 

consists of a 20-mm long cylinder with a 10-mm diameter. Figure 3.5 shows a picture of the 

device and a scheme of the test with sample size. 

a)        b)  

Figure 3.5 – (a, left) Métravib® apparatus used for complex modulus test on bitumens at the 

ETP laboratory in Corbas; (b, right) test scheme and sample size. 

Tests are carried out in displacement (strain) control mode, by applying a sinusoidal 

loading centered at zero. It is assumed that the material has a LVE behavior for this imposed 

strain level. Different frequencies (from 0.010 Hz to 30 Hz) and temperatures (from -30°C to 

10°C) were used, as shown in Table 3.3. 

20 mm

10 mm

imposed 
sinusoidal 

displacement
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Table 3.3 - Temperatures and frequencies used for Métravib® complex modulus tests on 

bitumens. 

 

A total of five Métravib® complex modulus tests were carried out on bitumens of 

Campaigns A and B2. 

3.2 Tests on bituminous mixtures 

Complex modulus and fatigue tests were performed on bituminous mixtures both in two-

point bending configuration and in tension-compression mode. Two-point bending tests were 

performed at the ETP laboratory in Ciry-Salsogne, for mixtures of Campaign A, and at the BP 

laboratory in Gelsenkirchen, for mixtures of Campaigns B1 and B2. Tension-compression 

tests were performed at the LGCB (French acronym for "Laboratoire Génie Civil et 

Bâtiment", Laboratory of Civil and Building Engineering) laboratory of ENTPE. 

3.2.1 Two-point bending tests 

Complex modulus and fatigue tests in two-point bending configuration were performed 

on trapezoidal samples, according to, respectively, EN 12697-26:2012 and EN 12697-

24:2012 specifications. 

Cyclic sinusoidal displacement centered at zero is imposed to one extremity of the 

sample, while the other one is fixed. Samples are therefore loaded in displacement (strain) 

control. Figure 3.6 shows the test device used at the ETP laboratory in Ciry-Salsogne and a 

scheme of the test with specimen size. 

Temperature [°C] Frequency [Hz]

0.010

0.038

0.144

0.548

2.08

7.90

30

-30                                                     

-20                                                    

-10                                          

0                                                   

10
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a)   b)   c)  

Figure 3.6 – (a, left) Two-point bending test apparatus used for tests on bituminous mixtures 

at the ETP laboratory in Ciry-Salsogne; (b, middle) Close-up on a test sample; (c, right) Test 

scheme and sample size. 

The device used at the ETP laboratory in Ciry-Salsogne is a Vectra® M2F mlpc®, 

equipped with two displacement transducers, both with a ±1 mm range, and two force 

transducers with a maximum load of ±5 kN. Temperature control is carried out by a thermal 

chamber with an operational range between –30°C and 180°C. 

 Two machines were used at the BP laboratory in Gelsenkirchen. One is a Cooper® CRT-

2PT-1047-01, having a displacement transducer with a ±1 mm range and two force 

transducers with a maximum load of 2.5kN. Temperature control is ensured by a thermal 

chamber operating between -20°C and +30°C. The second machine is a Vectra® M2F A853, 

equipped with two displacement transducers with a ±1 mm range and two force transducers 

with a maximum load of ±5 kN. The thermal chamber of the second machine has an 

operational range between -30°C and 180°C. 

3.2.1.1 Complex modulus (EN 12697-26:2012) 

This test is standardized by EN 12697-26:2012. As specified by this norm, for every 

cycle, phase angle (in °) φ, maximum applied force (in N) F and displacement (in mm) z must 

be directly measured. Complex modulus and phase angle values are obtained using the 

following expressions, given by the norm, ensuing from Equation (1.41): 

   

 |E∗| = √E1
2 + E2

2 (3.5) 

   

 E1 = γ (
F

z
cos φ + 10−6μω2) (3.6) 

   

imposed 
sinusoidal 
displacement

56 mm

25
0 

m
m

25 mm
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 E2 = γ
F

z
sin φ (3.7) 

   

 γ =
12L3

b(h1 − h2)3 [(2 −
h2

2h1
)

h2

h1
−

3

2
− ln

h2

h1
] (3.8) 

   

 μ = 0.135M + m (3.9) 

   

where: 

 γ is a form factor, depending on sample geometry; 

 μ is a mass factor, taking into account inertial effects of movable parts; 

 L is the height of the trapezoidal sample (in mm), equal to 250 mm; 

 b is the thickness of the trapezoidal sample (in mm), equal to 25 mm; 

 h1 is the length of greater base of the trapezoidal sample (in mm), equal to 56 mm; 

 h2 is length of the smaller base of the trapezoidal sample (in mm), equal to 25 mm; 

 M is the mass of the sample (in g); 

 m is the mass of the movable parts (in g). 

For complex modulus tests carried out at the ETP laboratory of Ciry-Salsogne, test 

conditions used were: 

 maximum strain loading amplitude: 50 µm/m; 

 frequencies: 10 Hz, 20 Hz and 30 Hz; 

 test temperatures: 10°C and 15°C. 

For complex modulus tests carried out at the BP laboratory in Gelsenkirchen, test 

conditions used were: 

 strain loading amplitude: 50 µm/m; 

 frequencies: 0.5 Hz, 5 Hz, 10 Hz, 15 Hz and 20 Hz; 

 test temperatures: 10°C and 15°C. 

Two samples were tested for each material (except for mixture A.60.35-50.perfect, for 

which only one sample was tested). The average value was considered. 

For the rest of the analysis, values of complex modulus obtained at 15°C and 10 Hz were 

used, since they are used in common practice pavement structure design. 

Regarding two-point bending tests of Campaigns A, B1 and B2, a total of 89 samples 

were used for complex modulus tests. 

3.2.1.2 Fatigue (EN 12697-24:2012) 

This test is standardized by EN 12697-24:2012. The evolution of complex modulus of 

samples subjected to repeated loading in strain control mode is monitored. 
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According to the norm, the relationship between the displacement of the free end of the 

sample, z, and the maximum bending strain, ε, is: 

   

 ε = Kε z (3.10) 

   

 Kε =
B2(B − b)2

4bh2 [(b − B)(3B − b) + 2B2 ln (
B
b

)]
 (3.11) 

   

where: 

 B is the length of greater base of the trapezoidal sample (in m), equal to 0.056 m; 

 b is length of the smaller base of the trapezoidal sample (in m), equal to 0.025 m; 

 h is the height of the trapezoidal sample (in m), equal to 0.25 m. 

Tests were performed at 10°C, at a loading frequency of 25 Hz. For each material, 18 

samples were tested for fatigue tests at the ETP laboratory in Ciry-Salsogne (with the only 

exception of mixture A.100.RAP, for which 11 samples were used), while 12 samples were 

used at the BP laboratory in Gelsenkirchen. All samples tested for the same material were 

sawn from the same slab. At least three different imposed strain amplitudes were used for 

fatigue tests on each material. 

Fatigue life of each sample was determined as the number of applied cycles 

corresponding to sample failure or to a 50% reduction of measured stress amplitude with 

respect to the initial value (that is, to a 50% reduction of complex modulus). 

For each material, data obtained for fatigue life N and corresponding applied strain 

amplitude ε of all samples were used to plot Wöhler curves. A linear regression (in log-log 

scale) was then carried out, of the form: 

   

 log N = a +
1

b
log ε (3.12) 

   

where a and b are two constants. A coefficient of determination R2 was calculated. 

Based on the fitting line, parameter ε6 was calculated, corresponding to the estimated 

strain amplitude yielding a fatigue life of 106 cycles, as follows 

   

 ε6 = 10b(6−a) (3.13) 

   

Parameters ε6 and 1/b are used in common practice to characterize fatigue resistance of 

bituminous mixtures for pavement design purposes. Figure 3.7 shows examples of Wöhler 

curves for mixtures of Campaigns A and B2 (with 18 tested samples) and Campaign B1 (with 

12 tested samples), with parameters ε6 and 1/b. 
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a)  

b)  

Figure 3.7 – Example of Wöhler curves and fatigue parameter estimation for: (a, top) 

mixtures of Campaigns A and B2 (A.0.35-50), with 18 tested samples; (b, bottom) mixtures of 

Campaign B1 (B1.mix 10), with 12 tested samples. 

In order to estimate ε6 uncertainty, for every regression a Δε6 parameter was calculated, 

as follows: 

   

 ∆ε6 = 0.5ε6(10−2bS0 − 102bS0) (3.14) 

   

 S0 = SN√[
1

n
+

(log ε6 − log ε̅̅ ̅̅ ̅̅ )
2

(n − 1)Slog ε
2 ] (3.15) 

   

 SN = Slog N
√

(1 − R2)(n − 1)

n − 2
 (3.16) 
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where: 

 n is the number of tested samples; 

 log ε̅̅ ̅̅ ̅̅  is the mean of all logε values of tested samples; 

 Slogε is the standard deviation of logε values of tested samples; 

 SlogN is the standard deviation of logN values of tested samples. 

Regarding two-point bending tests of Campaigns A, B1 and B2, a total of 774 samples 

were used for fatigue tests.  

3.2.2 Tension-compression tests 

In this type of test, a cylindrical sample is axially loaded and material response is 

measured. It is a homogeneous test, because in every moment stress and strain state is the 

same in every point of the sample (at least in the central region). For this reason, no 

hypothesis is needed in order to access fundamental mechanical properties of the material. 

Samples are cylindrical, with a 75 mm diameter and a 150 mm length. They were 

produced according to the procedure described in Section 2.2.4 and glued to aluminum caps 

with a two-component epoxy adhesive. 

Tests are performed in strain control mode by means of a Instron® 8874 hydraulic press. 

Axial stress was measured using a Dynacell® load cell, with a ±25-kN maximum load and a 

25-N precision. Given the initial diameter D of the sample, axial stress σ was calculated from 

axial load F as follows: 

   

 
σ =

F

π (
D
2)

2 
(3.17) 

   

Axial strain was measured by means of three extensometers placed at 120° from each 

other, as in Figure 3.8. Extensometers were aligned in the central part of the sample, in order 

to avoid taking into account border effects. They were kept in position on the sample by 

means of six springs. The total span of each extensometer is equal to 72.5 mm, with a 

measuring range of ±1 mm and a precision of 0.5 µm. Axial strain εaxi of each extensometer (i 

= 1, 2, 3) is obtained as: 

   

 εaxi =
∆Laxi

L
 (3.18) 

   

where ΔLaxi is the displacement measured by the extensometer and L is the measuring span of 

the extensometer (as already said, equal to 72.5 mm). Axial strain ε, used to control test, is the 

average value of the three extensometers: 
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 ε =
εax1 + εax2 + εax3

3
 (3.19) 

   

a) b) 

Figure 3.8 - (a, left) Tension-compression test apparatus used for bituminous mixtures; (b, 

right) Detailed scheme of measurement devices and sample [ENTPE laboratory, Vaulx-en-

Velin, France]. 

Radial strain was obtained from two non-contact transducers placed diametrically 

opposite. Alternating current circulating in the sensor head coil generates an alternating 

magnetic field. This field induces eddy currents in an aluminum target glued on the surface of 

the sample, which, in turn, generate a resisting magnetic field. The interaction of the two 

fields depends on the distance between the sensor head and the target. Therefore, variations of 

the magnetic field sensed by the electronics of the sensor are translated into variations of the 

distance between the sensor head and the sample. Non-contact sensors used have a measuring 

span of 500 µm and a resolution of 0.05 µm. Each transducer measures a radial displacement 

Δlradi (i = 1, 2), therefore the radial strain εrad is obtained as follows: 

    

 εrad =
∆lrad1 + ∆lrad2

D
 (3.20) 

   

 

In order to control temperature, tests were performed inside a thermal chamber, having a 

operational range between –40°C and 150°C (±0.3°C stability). During tests, sample 

temperature was measured by applying a PT100 temperature sensor on the surface of the 

sample. The sensor has a precision of 0.1°C. 
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During ALFABET (Advanced Laboratory Fatigue And Biasing Effects Test) tests 

(Section 3.2.2.3), internal sample temperature was also measured, using of a 1-mm diameter 

thermocouple inserted inside the sample at a 30 mm depth, in a 1.7 mm radial hole drilled in 

the sample (the thermocouple has a precision of 0.1°C). The hole was filled with bitumen in 

order to assure material continuity. Figure 3.9 shows a photo and a scheme of internal 

thermocouple placement. 

a)              b)  

Figure 3.9 – Photo (a, left) and scheme (b, right) of internal thermocouple placement for 

ALFABET tests. 

The temperature control of the thermal chamber is carried out by means of an 

independent sensor. The autonomous control system and the thermal dispersions of the 

chamber explain the slight difference between imposed test temperatures and measured 

sample temperatures. 

Sampling frequency was chosen in order to acquire a minimum of 250 point per cycle. 

Data treatment was carried out by combining consecutive cycles. For every cycle i, least 

square regression was carried out between combined data of cycles i and i+1 and a sinusoidal 

function for axial stress and axial and radial strains. LVE parameters are then obtained as 

described in Section 1.4.1.4. 

Table 3.4 resumes parameters monitored during tension-compression tests on bituminous 

mixtures. 
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Table 3.4 – Parameters monitored during tension-compression tests on bituminous mixtures. 

 

3.2.2.1 Complex modulus 

Complex modulus tests are performed at seven different temperatures, from -25°C to 

40°C, and nine different frequencies, from 0.001 Hz to 10 Hz, as shown in Figure 3.10. In 

order to assure a homogeneous temperature state inside samples, a conditioning time of 4 h is 

maintained at every temperature change. A rest period of 300 s was maintained between two 

consecutive frequencies. 

Tests at 15°C were carried out three times. The three sets of data obtained were 

compared in order to verify whether the sample suffered any damage during the test. No 

sample showed damage signs. The second data set obtained at 15°C was taken into account 

for the analysis for all samples. 

Parameter Symbol Measure unit

Norm of complex modulus |E
*
| [MPa]

Phase angle of complex modulus j [°]

Real part of complex modulus E1 [MPa]

Imaginary part of complex modulus E2 [MPa]

Norm of complex Poisson's ratio |n*| [-]

Phase angle of complex Poisson's ratio jn [°]

Real part of complex Poisson's ratio n1 [-]

Imaginary part of complex Poisson's ratio n2 [-]

Stress amplitude s0 [MPa]

Stress average value save [MPa]

Axial strain amplitude 0 [µm/m]

Axial strain average  ave [µm/m]

Axial strain amplitude of extensometer i Ai [µm/m]

Phase angle of extensometer i j i [°]

Radial strain amplitude  rad0 [µm/m]

Radial strain average  radave [µm/m]

Frequency f [Hz]

Suface temperature Text [°C]

Internal temperature* Tint [°C]

* only for ALFABET tests
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Figure 3.10 – Temperatures and frequencies used for complex modulus tests on bituminous 

mixtures in tension-compression mode. 

Tests were performed by applying a sinusoidal loading in strain control mode with a 50-

µm axial strain amplitude, centered at zero. It is assumed that the material has a LVE behavior 

for this imposed strain level.  Table 3.5 shows the number of cycles applied at each frequency. 

Table 3.5 – Number of cycles applied at different frequencies for complex modulus tests on 

bituminous mixtures in tension-compression mode. 

 

As already explained, cycle i is analyzed by using data of cycles i and i+1. Parameters 

corresponding to a given frequency and temperature combination (for example, at 10°C, 0.3 

Hz) are obtained as the average values of all corresponding cycles. 

Frequency [Hz] Number of cycles

0.001 4

0.003 4

0.01 6

0.03 6

0.1 10

0.3 16

1 30

3 50

10 100
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One sample was tested for each material, for a total of 9 samples used for complex 

modulus tests in tension-compression mode of Campaign A. 

3.2.2.2 Fatigue 

Fatigue tests were performed at 10°C, by applying cyclic sinusoidal loading in strain 

control mode, centered at zero with a 10-Hz frequency. The loading is repeated until sample 

failure or until measured stress amplitude is equal to 10% of the initial value (that is, norm of 

complex modulus suffered a 90% reduction). For each material six samples were tested at six 

different strain amplitudes: 90 µm/m, 100 µm/m, 110 µm/m, 120 µm/m, 130 µm/m and 150 

µm/m (however, five samples were tested for mixture A.0.70-100). A total of 35 samples 

were used for fatigue tests in tension-compression mode on mixtures of Campaign A. 

Because of the high number of cycles performed during this test, not all of them are 

recorded. Evolution of LVE parameters is rapid at the beginning of the test and it slows down 

as the number of cycles increases. For this reason, the following cycles are recorded: 

 all of the first 1000 cycles; 

 from cycle 1001 to cycle 10000, two consecutive cycles every 20 cycles; 

 from cycle 10001 to cycle 100000, two consecutive cycles every 200 cycles; 

 from cycle 100001 to cycle 1000000, two consecutive cycles every 2000 cycles; 

 after 1000000, two consecutive cycles every 5000 cycles. 

Figure 3.11 shows a scheme of recorded cycles during fatigue tests. 

 

Figure 3.11 - Scheme of recorded cycles during a fatigue test on bituminous mixtures in 

tension-compression mode.  

As for complex modulus tests, cycle i is analyzed by using data of cycles i and i+1, 

therefore, as an example, data measured at cycle 1001 are used only to analyze cycle 1000. 

1 2 3 …

998 999 1000 1001 1020 1021 …

9980 9981 10000 10001 10200 10201 …

99800 99801 100000 100001 102000 102001 …

998000 998001 1000000 1000001 1005000 1005001 …
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3.2.2.3 Advanced Laboratory Fatigue And Biasing Effects Test (ALFABET) 

This test protocol has been developed at the LGCB laboratory of ENTPE. The objective 

of this test is to isolate and quantify biasing effects occurring during fatigue tests on asphalt 

mixture samples because of cyclic loading application. Moreover, calculating biasing effects 

allows estimating the effective variations of LVE properties due to damage accumulation. 

Previous research was conducted on the quantification of biasing effects appearing during 

fatigue tests on asphalt mixtures (Di Benedetto et al., 2011; Nguyen et al., 2012). The concept 

of these works has been used, although test procedure has been slightly modified. In 

particular, both fatigue solicitations and recovery times have been prolonged, in order to 

increase damage occurrence and reduce the possibility of incomplete recovery of material 

properties. 

ALFABET tests were performed by applying cyclic sinusoidal loading centered at zero 

in strain control mode, with a 10-Hz frequency. 

Test procedure is divided in two parts. In the first part, Complex Modulus Tests (CMT) 

are performed at four different temperatures and four different strain amplitudes (a schematic 

description of these tests is shown in Figure 3.12). The objective of this part of the procedure 

is to monitor LVE behavior of asphalt mixtures in undamaged conditions at temperatures and 

strain levels close to values used for fatigue tests (10°C, 10 Hz). In particular, temperatures 

used are 8°C, 10°C, 12°C and 14°C, while applied strain amplitudes are 50 µm/m, 75 µm/m, 

100 µm/m and 110 µm/m. Frequency is always fixed at 10 Hz. For every temperature, a six-

hour conditioning time was imposed, in order to be sure that the temperature was uniform in 

the whole sample. For every CMT, 200 loading cycles are applied. Because of hydraulic press 

characteristics, a certain number of cycles is necessary before the imposed strain level is 

reached. A 900 s rest period was imposed between two consecutive CMTs performed at the 

same temperature. 
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Figure 3.12 – Schematic procedure of preliminary Complex Modulus Tests (CMT) of 

ALFABET tests. 

The second part of the test, consisting of Partial Fatigue Tests (PFT), is performed after 

all CMTs. The objective is to quantitatively estimate different biasing effects and unrecovered 

LVE parameter variations during fatigue tests. A schematic description of PFTs is reported in 

Figure 3.13. For every material, the same sample used for CMTs is used also for PFTs. Five 

fatigue lags are performed, by applying a 100 µm/m sinusoidal tension/compression cyclic 

loading at 10 Hz. Imposed temperature is 10°C. For every fatigue lag, 100,000 cycles are 

applied. Between two consecutive fatigue lag, a 24 hour rest period is imposed. In order to 

monitor the recovery of LVE properties, during every rest period, 16 short complex modulus 

measurements (100 cycles) are performed after respectively, 10, 20 and 30 minutes and 1, 2, 

4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 hours. All complex modulus measurements are 

performed at 10°C, 10 Hz, by applying a 100 µm/m strain level. 
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Figure 3.13 – Schematic procedure of Partial Fatigue Tests (PFT) of ALFABET tests. 

After PFTs, cyclic loading is repeated without interruptions until sample fracture or until 

measured stress amplitude is equal to 10% of the initial value (that is, norm of complex 

modulus suffered a 90% reduction), similarly to a regular fatigue test. 

Because of the duration of the test, one sample was tested for each material, except for 

mixture A.20.35-50, for which two samples were tested, for a total of 7 samples used in 

Campaigns A and B2. 
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4 LVE behavior of bituminous materials: 

test results and analysis 

4.1 Campaign A 

The purpose of Campaign A is to investigate the influence of RAP material on 

mechanical performances of bituminous materials. In this section, findings relative to 

complex modulus tests are presented. 

Two-point bending test results for mixtures were analyzed with a response surface 

methodology, in order to evaluate the effects of RAP material content and base binder 

penetration. Moreover, tension-compression tests were performed to study mixture behavior 

over the whole range of temperatures and frequencies. These results were analyzed in parallel 

with DSR data obtained on bitumens, in order to compare mechanical properties of 

corresponding binders and mixtures. 

A new procedure to predict LVE properties of bitumen blends is also proposed. 

4.1.1 Bitumens 

In this section, results obtained for DSR and Métravib® complex modulus tests on 

bitumens of Campaign A are described. A total of thirteen binders have been tested. Based on 

experimental data of base (15/25, 35/50 or 70/100) and RAP binders, a new procedure is 

proposed to predict LVE behavior of bitumen blends over the whole temperature and 

frequency domain. 

Experimental results and analyses have been presented in several publications 

(Mangiafico et al., 2012b, 2013b, 2014). With respect to these articles, only slight 

modifications have been made. In particular, 2S2P1D fitting has been improved, resulting in 

more accurate predictions of bitumen blend LVE properties. 
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4.1.1.1 Results and 2S2P1D modeling 

DSR complex modulus tests were performed on all bitumens of Campaign A (Table 2.2), 

at different temperatures (from -17.6°C to 70°C) and frequencies (from 0.01 Hz to 100 Hz), as 

described in Section 3.1.1.1. As an example, isothermal curves of norm of complex shear 

modulus and phase angle for bitumen 70/100 + 20% RAP are shown in Figure 4.1. 

a)  

b)  

Figure 4.1 – Example of DSR complex shear modulus test results for bitumen 70/100 + 20% 

RAP: (a, top) norm of complex modulus isotherms; (b, bottom) phase angle isotherms. 

Isothermal master curves of norm of complex shear modulus |G*| and phase angle φ 

were built for all blends at a reference temperature Tref equal to 15°C. Time-Temperature 
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Superposition Principle (TTSP) was verified. Temperature shift factors aT were found and 

master curves were derived from experimental results at the reference temperature Tref so that 

   

 |G∗(T, aTf)| = |G∗(Tref, f)| (4.1) 

   

 φ(T, aTf) = φ(Tref, f) (4.2) 

   

where f is test frequency. 

Master curves and temperature shift factors for all blends produced from the 70/100 base 

bitumen and for RAP binder are shown in Figure 4.2, as an example. For each bitumen, 

temperature shift factors aT were fitted using WLF equation; values of aT and WLF constants 

are listed in Table 4.1. 

The increase of RAP-extracted binder content in the blend causes master curves to 

progressively approach those corresponding to pure RAP binder. The same tendency is 

observed for temperature shift factors. 

Experimental data were modeled using 2S2P1D model; Black, Cole-Cole and complex 

modulus and phase angle master curves (Tref = 15°C) were built for all materials. E* values 

were calculated from G* values by applying, as commonly done, an arbitrary constant 

Poisson's ratio equal to 0.5 (E* = 3G*). This assumption was made, since performed tests on 

bitumens do not yield data on complex Poisson's ratio ν*. As an example, curves for bitumen 

70/100 + 20% RAP are reported in Figure 4.3. The WLF curve for the same bitumen is shown 

in Figure 4.4. 2S2P1D model parameter values for all materials are given in Table 4.2. E00 

was imposed equal to zero for all bitumens. τ values are evaluated for Tref equal to 15°C. 

2S2P1D model fittings of Black, Cole-Cole and master curves, together with values of aT and 

WLF curves, based on DSR test results for all bitumens of Campaign A are reported in 

Appendix A1. 
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a)  

b)  

Figure 4.2 – DSR complex modulus test results for bitumen blends of 70/100 and RAP-

extracted binders: norm of complex shear modulus and phase angle isothermal (15°C) master 

curves (a, top); temperature shift factors (b, bottom). 
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Table 4.1 – DSR complex modulus test results for bitumens of Campaign A: (a, top) temperature shift factors aT; (b; bottom) WLF constants. 

a)  

b)

70.0°C 60.0°C 50.0°C 40.0°C 30.0°C 15.0°C 10.0°C 0.0°C -7.3°C -12.9°C -16.5°C -17.6°C

15/25 1.88E-06 9.65E-06 7.12E-05 6.55E-04 9.43E-03 1.00E+00 6.36E+00 2.76E+02 1.94E+04 4.09E+05 6.75E+06 -

15/25 + 20% RAP 1.75E-06 9.10E-06 6.37E-05 5.84E-04 8.81E-03 1.00E+00 6.30E+00 2.67E+02 2.00E+04 5.65E+05 1.01E+07 -

15/25 + 40% RAP 1.57E-06 8.56E-06 6.34E-05 6.11E-04 9.02E-03 1.00E+00 6.16E+00 2.63E+02 1.86E+04 6.59E+05 1.26E+07 -

15/25 + 60% RAP 1.36E-06 7.80E-06 6.17E-05 6.11E-04 9.04E-03 1.00E+00 6.38E+00 2.82E+02 2.09E+04 3.57E+05 7.77E+06 -

35/50 4.57E-06 1.83E-05 9.97E-05 7.25E-04 9.30E-03 1.00E+00 6.06E+00 2.94E+02 1.94E+04 2.81E+05 4.38E+06 -

35/50 + 20% RAP 2.98E-06 1.35E-05 7.87E-05 6.27E-04 8.71E-03 1.00E+00 6.13E+00 2.66E+02 1.82E+04 3.95E+05 5.60E+06 -

35/50 + 40% RAP 2.20E-06 1.17E-05 7.63E-05 6.69E-04 9.31E-03 1.00E+00 6.21E+00 2.56E+02 2.12E+04 3.44E+05 7.60E+06 -

35/50 + 60% RAP 1.70E-06 8.93E-06 6.44E-05 6.14E-04 9.03E-03 1.00E+00 6.36E+00 2.80E+02 2.14E+04 5.26E+05 8.53E+06 -

70/100 - 3.59E-05 1.67E-04 1.03E-03 1.10E-02 1.00E+00 6.72E+00 2.51E+02 1.51E+04 5.89E+05 1.19E+07 4.71E+07

70/100 + 20% RAP - 2.60E-05 1.29E-04 8.76E-04 1.04E-02 1.00E+00 5.54E+00 2.11E+02 1.25E+04 1.73E+05 3.43E+06 -

70/100 + 40% RAP - 1.74E-05 1.01E-04 8.15E-04 1.06E-02 1.00E+00 5.66E+00 2.25E+02 1.34E+04 2.43E+05 3.53E+06 -

70/100 + 60% RAP 3.13E-06 1.32E-05 8.71E-05 7.64E-04 1.04E-02 1.00E+00 5.82E+00 2.33E+02 1.46E+04 3.17E+05 5.70E+06 -

RAP binder 1.03E-06 7.03E-06 5.78E-05 6.18E-04 9.35E-03 1.00E+00 6.15E+00 2.91E+02 2.40E+04 6.34E+05 1.09E+07 -

shift factors aT [-]
bitumen

bitumen C1 C2

15/25 17.672 114.204

15/25 + 20% RAP 17.834 114.202

15/25 + 40% RAP 17.673 112.439

15/25 + 60% RAP 18.341 116.957

35/50 15.984 107.281

35/50 + 20% RAP 16.799 110.233

35/50 + 40% RAP 16.957 109.705

35/50 + 60% RAP 17.879 114.365

70/100 13.811 92.958

70/100 + 20% RAP 16.129 110.105

70/100 + 40% RAP 17.032 114.360

70/100 + 60% RAP 17.409 115.552

RAP binder 18.358 115.755
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a)  

b)  

c)  

Figure 4.3 – Example of 2S2P1D model fitting of DSR complex modulus test results for 

binder 70/100 + 20% RAP: (a, top) Cole-Cole curve; (b, middle) Black curve; (c, bottom) 

complex modulus (norm) and phase angle master curves (Tref = 15°C). 
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Figure 4.4 – Example of WLF curve fitted on aT values obtained with DSR complex modulus 

tests for bitumen 70/100 + 20% RAP. 

Table 4.2 – 2S2P1D parameters for binders of Campaign A after DSR complex modulus test 

results (E* were calculated by assuming ν = 0.5). 

 

Resulting E0 values appear lower than expected. In fact, standard literature values for this 

parameter, corresponding to the glassy plateau of the master curve, are approximately 

comprised between 2.1 to 3 GPa for all bitumens (Olard et al., 2005), while obtained 

experimental data show values lower than 1.9 GPa. It is important to point out that measured 

data were already corrected to take into account DSR compliance. It is suspected that obtained 

values are not correct because of experimental limitations of the DSR device at low 

temperatures. However, the main objective of this part of the study was to observe the effects 

of blending pure and RAP-extracted bitumens in terms of viscoelastic behavior of resulting 
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a T
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aT (DSR)

WLF

bitumen E00 [MPa] E0 [MPa] k h δ  τ0 [s] β

15/25 0 1500 0.218 0.570 4.50 9.00E-04 770

15/25 + 20% RAP 0 1760 0.219 0.580 4.70 1.29E-03 700

15/25 + 40% RAP 0 1640 0.219 0.585 4.80 2.20E-03 550

15/25 + 60% RAP 0 1650 0.220 0.590 4.97 3.80E-03 450

35/50 0 1550 0.225 0.590 3.70 1.60E-04 230

35/50 + 20% RAP 0 1560 0.224 0.595 4.08 4.50E-04 230

35/50 + 40% RAP 0 1710 0.223 0.597 4.42 9.60E-04 240

35/50 + 60% RAP 0 1630 0.222 0.600 4.65 2.25E-03 230

70/100 0 1620 0.234 0.575 3.40 1.50E-05 250

70/100 + 20% RAP 0 1550 0.231 0.580 3.80 6.20E-05 240

70/100 + 40% RAP 0 1620 0.229 0.590 4.10 2.00E-04 240

70/100 + 60% RAP 0 1820 0.226 0.597 4.50 5.50E-04 240

RAP binder 0 1820 0.221 0.610 5.20 1.10E-02 220
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blends. For this reason, given the nature of the error, the quality of the performed analysis and 

the drawn conclusions were considered not to be invalidated. 

Because of the encountered experimental problem, tension/compression Métravib® tests 

were performed on bitumen blends of bitumen 35/50 + 20% RAP and RAP binder, at 

temperatures ranging from -30°C to +10°C and at frequencies from 0.01 Hz to 30 Hz (as 

explained in Section 3.1.2). In fact, DSR tests are usually not run at low temperature. 

Moreover, at the chosen test temperatures, complex modulus |E*| could be directly determined 

in tension/compression  configuration, rather than estimated from |G*| values by assuming a 

constant Poisson's ratio equal to 0.5. Métravib® data were used to replace DSR data obtained 

at temperatures lower than +10°C. Thus, new sets of data were obtained, composed of both 

DSR and Métravib® data (DSR + Métravib). 

As an example, isothermal curves of norm of complex modulus and phase angle for 

bitumen 35/50 + 20% RAP, obtained with DSR and Métravib® tests, are shown in Figure 4.5. 

Isothermal master curves of norm of complex modulus |E*| and phase angle φ were built 

for all bitumen blends of bitumen 35/50 and RAP binder and for RAP binder, at a reference 

temperature Tref equal to 15°C. Master curves and corresponding temperature shift factors are 

shown in Figure 4.6. 

Values of aT and WLF constants are reported in Table 4.3. Measurements at 10°C were 

performed using two different devices. Slightly different values were therefore obtained for 

|E*| and φ at this temperature. When master curves were built, two values of temperature shift 

factors at 10°C were found for isotherms obtained with DSR and Métravib®.  
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a)  

b)  

Figure 4.5 - Example of DSR and Métravib® complex modulus test results for bitumen      

35/50 + 20% RAP: (a, top) norm of complex modulus isotherms; (b, bottom) phase angle 

isotherms.  
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a)   

b)  

Figure 4.6 – DSR and Métravib® complex modulus test results for bitumens blends of 

Campaign A produced with pure 35/50 and RAP binders: norm of complex modulus and 

phase angle isothermal (15°C) master curves (a, top); temperature shift factors (b, bottom). 

0

10

20

30

40

50

60

70

80

90

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

1.E+09

1.E+10

1.E-08 1.E-05 1.E-02 1.E+01 1.E+04 1.E+07 1.E+10

j
[°

]

|E
*

| 
[P

a]

aT . frequency [Hz]

35/50

35/50 + 20% RAP

35/50 + 40% RAP

35/50 + 60% RAP

RAP binder

Tref = 15°C

1E-06

1E-04

1E-02

1E+00

1E+02

1E+04

1E+06

1E+08

1E+10

-40 -20 0 20 40 60 80

a T
[-

]

Temperature [°C]

35/50

35/50 + 20% RAP

35/50 + 40% RAP

35/50 + 60% RAP

RAP binder



 

LVE properties and fatigue of bituminous mixtures with RAP and corresponding binder blends 

 

121 

 

Table 4.3 – DSR and Métravib® complex modulus test results for bitumens blends of Campaign A produced with pure 35/50 and RAP 

binders: (a, top) temperature shift factors aT; (b; bottom) WLF constants. 

a)  

 

b) 

70.0°C 60.0°C 50.0°C 40.0°C 30.0°C 15.0°C 10.0°C 10.0°C 0.0°C -10.0°C -20.0°C -30.0°C

35/50 4.57E-06 1.83E-05 9.97E-05 7.25E-04 9.30E-03 1.00E+00 6.06E+00 6.00E+00 3.54E+02 2.55E+04 3.52E+06 1.58E+09

35/50 + 20% RAP 2.98E-06 1.35E-05 7.87E-05 6.27E-04 8.71E-03 1.00E+00 6.13E+00 5.38E+00 2.66E+02 2.50E+04 4.50E+06 3.70E+09

35/50 + 40% RAP 2.20E-06 1.17E-05 7.63E-05 6.69E-04 9.31E-03 1.00E+00 6.21E+00 5.38E+00 2.66E+02 2.50E+04 4.80E+06 3.50E+09

35/50 + 60% RAP 1.70E-06 8.93E-06 6.44E-05 6.14E-04 9.03E-03 1.00E+00 6.36E+00 5.38E+00 2.66E+02 1.80E+04 3.80E+06 2.70E+09

RAP binder 1.03E-06 7.03E-06 5.78E-05 6.18E-04 9.35E-03 1.00E+00 6.15E+00 6.00E+00 1.80E+02 1.50E+04 3.50E+06 8.00E+08

bitumen
shift factors aT [-]

DSR Métravib®

bitumen C1 C2

35/50 20.582 145.036

35/50 + 20% RAP 19.823 138.227

35/50 + 40% RAP 20.418 141.270

35/50 + 60% RAP 21.976 150.864

RAP binder 24.471 168.686
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Data obtained with DSR and Métravib® tests confirm the observation made for DSR-only 

data. In fact, master curves and shift factor values appear to vary according to the RAP 

content of the bitumen blend.  

2S2P1D model was used to fit experimental data sets of DSR and Métravib® tests: Black 

curves, Cole-Cole curves and complex modulus and phase angle master curves (Tref = 15°C) 

were built for all materials. As an example, data and curves for bitumen 35/50 + 20% RAP 

are reported in Figure 4.7 and compared with DSR-only data and corresponding 2S2P1D 

model fitting. The WLF curve for the same bitumen is shown in Figure 4.8. 2S2P1D model 

parameters for all bitumens blends of Campaign A produced with pure 35-50 and RAP 

binders are given in Table 4.4. τ values are evaluated for Tref equal to 15°C. As for DSR-only 

test results, E00 was imposed equal to zero for all bitumens. 2S2P1D model fittings of Black, 

Cole-Cole and master curves, together with values of aT and WLF curves, based on DSR and 

Métravib® data for tested bitumens of Campaign A are reported in Appendix A2. 

A non negligible difference is observed between DSR + Métravib and DSR-only data. 

2S2P1D model fits satisfactorily both sets of data, although different sets of parameters ensue. 

DSR and Métravib® data and resulting 2S2P1D parameters (including parameter E0) appear to 

be more coherent with literature. 
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a)  

b)  

c)  

Figure 4.7 – Example of 2S2P1D model fitting of DSR and Métravib® complex modulus test 

results for binder 35/50 + 20% RAP: (a, top) Cole-Cole curve; (b, middle) Black curve; (c, 

bottom) complex modulus (norm) and phase angle master curves (Tref = 15°C). 
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Figure 4.8 – Example of WLF curve fitted on aT values obtained with DSR and Métravib® 

complex modulus tests for bitumen 35/50 + 20% RAP. 

Table 4.4 - 2S2P1D parameters for bitumens blends of Campaign A produced with pure 

35/50 and RAP binders after DSR and Métravib® complex modulus test results. 

 

4.1.1.2 Bitumen blending law 

Master curves of bitumen blends showed that their LVE behavior depends on the content 

of RAP binder in the blend. This observation led to the investigation about the variation of 

2S2P1D parameters with RAP binder content. A procedure has been developed to estimate 

viscoelastic behavior of blends produced with pure and RAP-extracted binders over the whole 

temperature and frequency range according to RAP binder content and LVE properties of 

base binders. 

Because of the small number of blends tested with both DSR and Métravib®, the analysis 

was performed using 2S2P1D parameters obtained for DSR-only tests. As already explained, 

the discrepancies found in DSR test results at low temperatures do not impair the significance 

of the drawn conclusions. 

2S2P1D parameters obtained for all bitumens blends (Table 4.2) were plotted as a 

function of RAP binder content. Figure 4.9 to Figure 4.12 show, respectively, plots obtained 

for parameters E0, δ, β and τ0 (evaluated at a Tref of 15°C). The same approach was followed 
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]

Temperature [°C]

aT (DSR)

aT (Métravib)

WLF

bitumen E00 [MPa] E0 [MPa] k h δ  τ0 [s] β

35/50 0 2450 0.191 0.539 2.85 4.00E-05 500

35/50 + 20% RAP 0 2580 0.190 0.539 2.92 9.00E-05 650

35/50 + 40% RAP 0 2620 0.189 0.530 3.20 1.70E-04 800

35/50 + 60% RAP 0 2720 0.188 0.528 3.20 4.00E-04 950

RAP binder 0 2770 0.186 0.520 3.43 2.00E-03 1200
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for temperature shift factors. As an example, Figure 4.13 shows the variation of aT at 60°C 

with RAP content for all bitumens. Parameter E00 was fixed equal to zero for all bitumens. As 

it can be observed in Table 4.2, although parameters k and h vary with RAP content, their 

variations are limited (less than 10%). For this reason, they were not plotted like the other 

2S2P1D parameters. 

 

Figure 4.9 – DSR complex modulus tests for bitumens of Campaign A: E0 tendency with RAP 

binder content. 

 

Figure 4.10 – DSR complex modulus tests for bitumens of Campaign A: δ tendency with RAP 

binder content. 
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Figure 4.11 – DSR complex modulus tests for bitumens of Campaign A: β tendency with RAP 

binder content. 

 

Figure 4.12 – DSR complex modulus tests for bitumens of Campaign A: τ0 (Tref = 15°C) 

tendency with RAP binder content. 

 

Figure 4.13 – DSR complex modulus tests for bitumens of Campaign A: aT (60°C) tendency 

with RAP binder content. 
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As it can be observed in Figure 4.9, E0 values are subjected to unexpected oscillations. In 

particular, this parameter does not seem to vary smoothly or in a monotonic manner with the 

content of RAP-extracted bitumen in the blend. It is impossible to classify the different tested 

blends produced by mixing different base binders with the same amount of RAP-extracted 

binder according only to E0, because of these oscillations. However, the average value of E0 

for each triplet of blends containing the same RAP binder amount shows a clear overall 

tendency. A linear regression with RAP-extracted bitumen content closely fits the variation of 

this average parameter on the whole scale of blend proportions, including the final value 

corresponding to pure RAP binder. 

Parameters δ (Figure 4.10) and β (Figure 4.11) also show a linear relationship with RAP-

extracted binder content, without the oscillations observed for E0. The absence of widespread 

scattering allows observing distinct linear trends for blends produced from different base 

bitumens. Each triplet of blends at the same RAP-extracted binder content shows the same 

classification among different blends that is valid for the three pure bases. When increasing 

the percentage of RAP bitumen in the blend, δ and β tend towards values of pure RAP-

extracted bitumen. Regarding parameter β, only blends produced with base bitumen 15/25 

show a real variation with RAP content. On the contrary, values of β for all bitumens blends 

produced with base binders 35/50 and 70/100 remain approximately constant regardless of the 

RAP content used. R2 values obtained for linear regressions of β values for these blends are 

therefore not meaningful. 

Linear relationships with RAP content can be observed also for characteristic time τ0 

(Figure 4.12). As mentioned before, parameter τ0 was evaluated at a reference temperature of 

15°C, arbitrarily chosen. Nevertheless, the linear tendency observed for parameter τ0 could be 

extended to parameter τ at any temperature. Indeed, the linear tendency observed for 

temperature shift factors aT confirms this assertion. In fact, the linear trend with RAP content 

shown in Figure 4.13 for temperature shift factors aT, in logarithmic scale, is observed for 

values of aT obtained at the other test temperatures.   

In accordance with the observed tendencies, 2S2P1D parameters (including k and h) and 

temperature shift factors of all blends were simulated by developing the following equations, 

written in a general form: 

   

 Ax% = A0% + x(ARAP − A0%) (4.3) 

   

 log(Bx%) = log(B0%) + x[log(BRAP) − log(B0%)] (4.4) 

   

where A and B are generic terms representing, respectively, all 2S2P1D parameters and shift 

factors following linear (E0, k, h, δ and β) and logarithmic relationships (τ0 and aT) with the 

percentage of RAP-extracted binder in the blend, expressed by x (varying between 0 and 1). 

As an example, δ30% is the value of parameter δ for a blend containing 30% RAP, estimated 
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from values of δ obtained for pure base binder (δ0%) and RAP binder (δRAP), with x equal to 

0.3. 

Using Equations (4.3) and (4.4), all 2S2P1D parameters and temperature shift factors 

were simulated for all bitumen blends. Experimental and estimated values of 2S2P1D are 

reported in Table 4.5. Values for temperature shift factors are shown in Table 4.6. As already 

pointed out, parameters k and h do not show a significant variation range, thus the accuracy of 

their estimation is negligible.  

Figure 4.14 shows plots of estimated vs. experimental 2S2P1D parameters E0, δ, β and τ0 

and temperature shift factors aT (at all test temperatures) Only E0 shows a considerable 

scatter, presumably because of the mentioned error due to experimental DSR limitations. For 

all other 2S2P1D parameters and temperature shift factors, it can be observed that estimated 

and experimental values are significantly close. In particular, characteristic time at reference 

temperature, τ0, and temperature shift factors aT show excellent correlation, therefore 

temperature sensitivity of the material is strictly dependent on RAP-extracted binder content 

of the blend and it varies linearly with it (in logarithmic scale). 
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Table 4.5 – Experimental (exp.) and estimated (est.) 2S2P1D parameters for binders of Campaign A after DSR complex modulus test results.  

 

bitumen

15/25 1500 - 0.218 - 0.570 - 4.50 - 9.00E-04 - 770 -

15/25 + 20% RAP 1760 1560 0.219 0.219 0.580 0.577 4.70 4.63 1.29E-03 1.44E-03 700 667

15/25 + 40% RAP 1640 1621 0.219 0.219 0.585 0.585 4.80 4.76 2.20E-03 2.32E-03 550 562

15/25 + 60% RAP 1650 1682 0.220 0.220 0.590 0.593 4.97 4.90 3.80E-03 3.75E-03 450 457

35/50 1550 - 0.225 - 0.590 - 3.70 - 1.60E-04 - 230 -

35/50 + 20% RAP 1560 1600 0.224 0.224 0.595 0.594 4.08 3.98 4.50E-04 3.53E-04 230 228

35/50 + 40% RAP 1710 1652 0.223 0.223 0.597 0.598 4.42 4.27 9.60E-04 7.92E-04 240 226

35/50 + 60% RAP 1630 1704 0.222 0.223 0.600 0.601 4.65 4.56 2.25E-03 1.78E-03 230 224

70/100 1620 - 0.234 - 0.575 - 3.40 - 1.50E-05 - 250 -

70/100 + 20% RAP 1550 1657 0.231 0.232 0.580 0.582 3.80 3.74 6.20E-05 5.15E-05 240 244

70/100 + 40% RAP 1620 1696 0.229 0.229 0.590 0.588 4.10 4.08 2.00E-04 1.82E-04 240 239

70/100 + 60% RAP 1820 1734 0.226 0.227 0.597 0.595 4.50 4.43 5.50E-04 6.45E-04 240 233

RAP binder 1820 - 0.221 - 0.610 - 5.20 - 1.10E-02 - 220 -

exp. est. exp. est. exp. est. exp. est. exp. est. exp. est.

E0 [MPa] k [-] h [-] δ [-] τ0 [s] β [-]
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Table 4.6 – Experimental (a, top) and estimated (b, bottom) temperature shift factors for binders of Campaign A after DSR complex modulus 

test results. 

a)  

b)

70.0°C 60.0°C 50.0°C 40.0°C 30.0°C 15.0°C 10.0°C 0.0°C -7.3°C -12.9°C -16.5°C -17.6°C

15/25 1.88E-06 9.65E-06 7.12E-05 6.55E-04 9.43E-03 1.00E+00 6.36E+00 2.76E+02 1.94E+04 4.09E+05 6.75E+06 -
15/25 + 20% RAP 1.75E-06 9.10E-06 6.37E-05 5.84E-04 8.81E-03 1.00E+00 6.30E+00 2.67E+02 2.00E+04 5.65E+05 1.01E+07 -
15/25 + 40% RAP 1.57E-06 8.56E-06 6.34E-05 6.11E-04 9.02E-03 1.00E+00 6.16E+00 2.63E+02 1.86E+04 6.59E+05 1.26E+07 -
15/25 + 60% RAP 1.36E-06 7.80E-06 6.17E-05 6.11E-04 9.04E-03 1.00E+00 6.38E+00 2.82E+02 2.09E+04 3.57E+05 7.77E+06 -
35/50 4.57E-06 1.83E-05 9.97E-05 7.25E-04 9.30E-03 1.00E+00 6.06E+00 2.94E+02 1.94E+04 2.81E+05 4.38E+06 -
35/50 + 20% RAP 2.98E-06 1.35E-05 7.87E-05 6.27E-04 8.71E-03 1.00E+00 6.13E+00 2.66E+02 1.82E+04 3.95E+05 5.60E+06 -
35/50 + 40% RAP 2.20E-06 1.17E-05 7.63E-05 6.69E-04 9.31E-03 1.00E+00 6.21E+00 2.56E+02 2.12E+04 3.44E+05 7.60E+06 -
35/50 + 60% RAP 1.70E-06 8.93E-06 6.44E-05 6.14E-04 9.03E-03 1.00E+00 6.36E+00 2.80E+02 2.14E+04 5.26E+05 8.53E+06 -
70/100 - 3.59E-05 1.67E-04 1.03E-03 1.10E-02 1.00E+00 6.72E+00 2.51E+02 1.51E+04 5.89E+05 1.19E+07 4.71E+07
70/100 + 20% RAP - 2.60E-05 1.29E-04 8.76E-04 1.04E-02 1.00E+00 5.54E+00 2.11E+02 1.25E+04 1.73E+05 3.43E+06 -
70/100 + 40% RAP - 1.74E-05 1.01E-04 8.15E-04 1.06E-02 1.00E+00 5.66E+00 2.25E+02 1.34E+04 2.43E+05 3.53E+06 -
70/100 + 60% RAP 3.13E-06 1.32E-05 8.71E-05 7.64E-04 1.04E-02 1.00E+00 5.82E+00 2.33E+02 1.46E+04 3.17E+05 5.70E+06 -
RAP binder 1.03E-06 7.03E-06 5.78E-05 6.18E-04 9.35E-03 1.00E+00 6.15E+00 2.91E+02 2.40E+04 6.34E+05 1.09E+07 -

shift factors aT [-] - experimental values
bitumen

70.0°C 60.0°C 50.0°C 40.0°C 30.0°C 15.0°C 10.0°C 0.0°C -7.3°C -12.9°C -16.5°C -17.6°C

15/25 - - - - - - - - - - - -
15/25 + 20% RAP 1.68E-06 9.09E-06 6.85E-05 6.48E-04 9.41E-03 1.00E+00 6.32E+00 2.79E+02 2.02E+04 4.44E+05 7.38E+06 -
15/25 + 40% RAP 1.50E-06 8.56E-06 6.58E-05 6.41E-04 9.40E-03 1.00E+00 6.28E+00 2.81E+02 2.10E+04 4.83E+05 8.09E+06 -
15/25 + 60% RAP 1.33E-06 8.05E-06 6.32E-05 6.34E-04 9.38E-03 1.00E+00 6.24E+00 2.84E+02 2.19E+04 5.25E+05 8.87E+06 -
35/50 - - - - - - - - - - - -
35/50 + 20% RAP 3.46E-06 1.53E-05 9.01E-05 7.04E-04 9.31E-03 1.00E+00 6.07E+00 2.93E+02 2.02E+04 3.27E+05 5.19E+06 -
35/50 + 40% RAP 2.60E-06 1.27E-05 8.12E-05 6.83E-04 9.32E-03 1.00E+00 6.09E+00 2.93E+02 2.10E+04 3.83E+05 6.18E+06 -
35/50 + 60% RAP 1.95E-06 1.06E-05 7.31E-05 6.62E-04 9.33E-03 1.00E+00 6.11E+00 2.92E+02 2.19E+04 4.47E+05 7.36E+06 -
70/100 - - - - - - - - - - - -
70/100 + 20% RAP - 2.65E-05 1.37E-04 9.34E-04 1.07E-02 1.00E+00 6.61E+00 2.58E+02 1.64E+04 5.97E+05 1.17E+07 -
70/100 + 40% RAP - 1.94E-05 1.12E-04 8.48E-04 1.04E-02 1.00E+00 6.50E+00 2.65E+02 1.80E+04 6.05E+05 1.15E+07 -
70/100 + 60% RAP - 1.42E-05 9.12E-05 7.69E-04 1.00E-02 1.00E+00 6.39E+00 2.73E+02 1.96E+04 6.14E+05 1.13E+07 -
RAP binder - - - - - - - - - - - -

bitumen
shift factors aT [-] - estimated values
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Figure 4.14 – Plots of estimated vs. experimental values of E0, δ, β, τ0 and aT for binders of 

Campaign A after DSR complex modulus test results. 

A statistical evaluation of the validity of the estimation procedure of 2S2P1D parameters 

E0, δ, log τ0 and β and log aT (at 60°C) was performed. The response chosen for the statistical 

analysis is the difference y between corresponding experimental and estimated parameters, as 

follows: 

   

 y = Aexp − Aest or y = log Bexp − log Best (4.5) 

1.E-07

1.E-04

1.E-01

1.E+02

1.E+05

1.E+08

es
ti

m
at

ed
 a

T
[-

]

experimental aT [-]

15/25 blends

35/50 blends

70/100 blends

Line of equality

3.50

4.00

4.50

5.00

5.50

3.50 4.00 4.50 5.00 5.50

e
st

im
a

te
d

 δ
[-

]

experimental δ [-]

0

200

400

600

800

0 200 400 600 800

es
ti

m
at

ed
 β

[-
]

experimental β [-]

1500

1700

1900

1500 1700 1900

es
ti

m
at

ed
 E

0
[M

Pa
]

experimental E0 [MPa]

0.E+00

1.E-03

2.E-03

3.E-03

4.E-03

5.E-03

es
ti

m
at

ed
 τ

0
[s

]

experimental τ0 [s]



 

Chapter 4 – LVE behavior of bituminous materials: test results and analysis 

 

132 

 

   

For each parameter, standard deviation σ was calculated as: 

   

 σ = √
∑ (yi − y̅)N

i=1

N − 1
 (4.6) 

   

where N is the number of y values, corresponding to the number of binder blends used for the 

estimation (in this case, N = 9 as in Table 4.5 and Table 4.6), and y̅ is the mean of the N 

values of y. For each parameter, a confidence interval was calculated as: 

   

 ε = −
σ

√N
t(ν,α) (4.7) 

   

where ε is the half-width of the confidence interval and t is the value of the Student-Fischer 

distribution, function of the degrees of freedom ν and the confidence level α. For the present 

study, properties of nine blends are estimated according to those of four binders (three base 

binders and a RAP-extracted binder), therefore the total number of degrees of freedom ν is 

five. Different confidence levels were used in the calculation, from 90% to 99.9%. Resulting 

values of ε are reported in Table 4.7. Calculated confidence intervals are intended as 

estimation approximations or maximum probable errors for a certain confidence level. In 

order to understand the magnitude of the imprecision, for each parameter, ε values were 

compared to maximum variations Δ observed among the experimental values of the estimated 

parameters (Table 4.8). ε/Δ ratios are reported in Table 4.9. The inverse analysis was also 

carried out. Table 4.10 shows confidence levels corresponding to a 5% ε/Δ ratio. 

The results of the statistical analysis confirm what graphically observed from plots in 

Figure 4.14. Half-width values of 95% confidence intervals of estimated 2S2P1D parameters 

δ, log τ0 and β and shift factors log aT at 60°C are always inferior to 5% of the maximum 

variations of their experimental values. Only E0 estimates do not yield satisfactory result. As 

already mentioned, the author believes that these discrepancies are caused by the experimental 

limitations of the device. 
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Table 4.7 – Estimation of 2S2P1D parameters for bitumens of Campaign A: confidence 

interval half-width values ε. 

 

Table 4.8 – Estimation of 2S2P1D parameters for bitumens of Campaign A: maximum 

variations Δ observed for experimental values of estimated 2S2P1D parameters. 

 

Table 4.9 – Estimation of 2S2P1D parameters for bitumens of Campaign A: confidence 

interval half-width (ε)/maximum variation (Δ) ratios. 

 

Table 4.10 – Estimation of 2S2P1D parameters for bitumens of Campaign A: confidence 

levels corresponding to a 5% ε/Δ ratio. 

  

All estimated parameter values shown in Table 4.5 (and estimated shift factors reported 

in Table 4.6) have been re-implemented in 2S2P1D model: resulting Black, Cole-Cole and 

90.0% 95.0% 98.0% 99.0% 99.5% 99.8% 99.9%

E0 66 84 110 131 156 192 224

δ 0.026 0.033 0.043 0.052 0.061 0.076 0.088

log τ0 0.045 0.057 0.075 0.089 0.106 0.131 0.152

β 9 11 15 18 21 26 30

log aT (60°C) 0.018 0.022 0.029 0.035 0.041 0.051 0.060

Confidence level

confidence interval   

half-width                            

ε

E0 270

δ 1.17

log τ0 1.787

β 470

log aT (60°C) 0.523

maximum 

variation of 

experimental 

values                       

Δ

90.0% 95.0% 98.0% 99.0% 99.5% 99.8% 99.9%

E0 24.3% 31.0% 40.6% 48.7% 57.6% 71.1% 82.9%

δ 2.2% 2.8% 3.7% 4.4% 5.2% 6.5% 7.5%

log τ0 2.5% 3.2% 4.2% 5.0% 5.9% 7.3% 8.5%

β 1.9% 2.4% 3.1% 3.8% 4.5% 5.5% 6.4%

log aT (60°C) 3.3% 4.3% 5.6% 6.7% 7.9% 9.8% 11.4%

Confidence level

confidence interval 

half-width ε                            

/                                   

maximum 

variation Δ 

E0 30.4%

δ 99.4%

log τ0 99.0%

β 99.7%

log aT (60°C) 97.0%

confidence level 

corresponding to                   

5% ε/Δ ratio
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complex modulus (norm and phase angle) master curves have been compared to those built 

using experimental data. As an example, curves for 35/50 + 60% RAP binder are shown in 

Figure 4.15. Curves for all bitumen blends of Campaign A are reported in Appendix A3. 

Estimated Black and master curves superpose almost perfectly with experimental ones. Small 

discrepancies can be noticed for Cole-Cole curves, because of the slight difference between 

estimated and experimental E0 values, due to mentioned problems in DSR tests at low 

temperatures. 2S2P1D values obtained with the proposed estimation method successfully 

approximate real material behavior. Accurate estimation of complex modulus and phase angle 

over the whole frequency and temperature range is therefore possible. 
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a)  

b)  

c)  

Figure 4.15 – Comparison between test results and curves built using experimental and 

estimated 2S2P1D parameters for bitumen 35/50 + 60% RAP after DSR complex modulus 

test results: (a, top) Cole-Cole curve; (b, middle) Black curve; (c, bottom) complex modulus 

(norm) and phase angle master curves (Tref = 15°C). 
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The same approach was followed for DSR + Métravib data sets. Similarly to what 

observed for 2S2P1D parameters and temperature shift factors obtained with DSR-only data, 

values of 2S2P1D parameters and aT obtained with DSR and Métravib® test results for 

bitumens blends of base binder 35/50 show clear tendencies with RAP binder content. Plots 

of E0, δ, β, τ0 and aT (at 60°C) are shown from Figure 4.16 to Figure 4.20. Different 

regressions are found for 2S2P1D parameters and temperature shift factors, with respect to 

fits observed using DSR-only data sets. Moreover, the evolution of E0 with RAP binder 

content shows a significant reduction of scatter with respect to DSR test-based values. This 

confirms the hypothesis that the dispersion of E0 values previously observed was due to 

experimental limitations of DSR apparatus. 

 

Figure 4.16 – DSR and Métravib® complex modulus tests for bitumens blends of Campaign A 

produced with pure 35/50 and RAP binders: E0 tendency with RAP binder content. 

 

Figure 4.17 – DSR and Métravib® complex modulus tests for bitumens blends of Campaign A 

produced with pure 35/50 and RAP binders: δ tendency with RAP binder content. 

y = 3.09x + 2496
R² = 0.8983

2300

2400

2500

2600

2700

2800

2900

0 20 40 60 80 100

E 0
[M

P
a]

% RAP

35/50 blends

RAP binder

Regr. (35/50)

y = 0.0059x + 2.8683
R² = 0.926

2.50

2.70

2.90

3.10

3.30

3.50

3.70

0 20 40 60 80 100

δ
[-

]

% RAP

35/50 blends

RAP binder

Regr. (35/50)



 

LVE properties and fatigue of bituminous mixtures with RAP and corresponding binder blends 

 

137 

 

 

Figure 4.18 – DSR and Métravib® complex modulus tests for bitumens blends of Campaign A 

produced with pure 35/50 and RAP binders: β tendency with RAP binder content. 

 

Figure 4.19 – DSR and Métravib® complex modulus tests for bitumens blends of Campaign A 

produced with pure 35/50 and RAP binders: τ0 (Tref = 15°C) tendency with RAP binder 

content. 

  

Figure 4.20 – DSR and Métravib® complex modulus tests for bitumens blends of Campaign A 

produced with pure 35/50 and RAP binders: aT (60°C) tendency with RAP binder content. 
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2S2P1D values obtained for 35/50 and RAP binders were used to simulate the prediction 

of LVE behavior of their three blends (bitumens 35/50 + 20% RAP, 35/50 + 40% RAP and 

35/50 + 60% RAP), using Equations (4.3) and (4.4). 

Experimental and estimated 2S2P1D parameters and temperature shift factors determined 

after DSR and Métravib® tests are reported, respectively, in Table 4.11 and Table 4.12. 

Parameters k and h show a negligible variation range. 

Figure 4.21 shows plots of estimated vs. experimental 2S2P1D parameters E0, δ, β and τ0 

and temperature shift factors aT (at all test temperatures). 

The statistical analysis was not performed, since the prediction of 2S2P1D parameters 

and shift factors was simulated only for three blends (because of the limited number of 

Métravib® tests performed). 

LVE behavior of bitumen blends was simulated using predicted values and compared to 

experimental data. An example for bitumen 35/50 + 60% RAP is shown in Figure 4.22. 

Curves for obtained for the three bitumen blends produced with base bitumen 35/50 are 

shown in Appendix A4. As observed for DSR-based values, simulated LVE behavior is 

significantly close to 2S2P1D curves based on experimental data. This confirms the validity 

of the proposed method. 
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Table 4.11 – Experimental (exp.) and estimated (est.) 2S2P1D parameters for binders blends of Campaign A produced with pure 35-50 and 

RAP binders after DSR and Métravib® complex modulus test results. 

 

Table 4.12 - Experimental (a, top) and estimated (b, bottom) temperature shift factors for binders of Campaign A after DSR and Métravib® 

complex modulus test results. 

a)  

b)

bitumen

35/50 2450 - 0.191 - 0.539 - 2.85 - 4.00E-05 - 500 -

35/50 + 20% RAP 2580 2510 0.190 0.190 0.539 0.535 2.92 2.96 9.00E-05 8.31E-05 650 631

35/50 + 40% RAP 2620 2571 0.189 0.189 0.530 0.532 3.20 3.07 1.70E-04 1.75E-04 800 765

35/50 + 60% RAP 2720 2632 0.188 0.188 0.528 0.528 3.20 3.18 4.00E-04 3.72E-04 950 899

RAP binder 2770 - 0.186 - 0.520 - 3.43 - 2.00E-03 - 1200 -

exp. est. exp. est. exp. est. exp. est. exp. est. exp. est.

E0 [MPa] k [-] h [-] δ [-] τ0 [s] β [-]

70.0°C 60.0°C 50.0°C 40.0°C 30.0°C 15.0°C 10.0°C 10.0°C 0.0°C -10.0°C -20.0°C -30.0°C

35/50 4.57E-06 1.83E-05 9.97E-05 7.25E-04 9.30E-03 1.00E+00 6.06E+00 6.00E+00 3.54E+02 2.55E+04 3.52E+06 1.58E+09

35/50 + 20% RAP 2.98E-06 1.35E-05 7.87E-05 6.27E-04 8.71E-03 1.00E+00 6.13E+00 5.38E+00 2.66E+02 2.50E+04 4.50E+06 3.70E+09

35/50 + 40% RAP 2.20E-06 1.17E-05 7.63E-05 6.69E-04 9.31E-03 1.00E+00 6.21E+00 5.38E+00 2.66E+02 2.50E+04 4.80E+06 3.50E+09

35/50 + 60% RAP 1.70E-06 8.93E-06 6.44E-05 6.14E-04 9.03E-03 1.00E+00 6.36E+00 5.38E+00 2.66E+02 1.80E+04 3.80E+06 2.70E+09

RAP binder 1.03E-06 7.03E-06 5.78E-05 6.18E-04 9.35E-03 1.00E+00 6.15E+00 6.00E+00 1.80E+02 1.50E+04 3.50E+06 8.00E+08

bitumen
shift factors aT [-] - experimental values

70.0°C 60.0°C 50.0°C 40.0°C 30.0°C 15.0°C 10.0°C 10.0°C 0.0°C -10.0°C -20.0°C -30.0°C

35/50 - - - - - - - - - - - -

35/50 + 20% RAP 3.46E-06 1.53E-05 9.01E-05 7.04E-04 9.31E-03 1.00E+00 6.07E+00 6.00E+00 3.12E+02 2.31E+04 3.52E+06 1.39E+09

35/50 + 40% RAP 2.60E-06 1.27E-05 8.12E-05 6.83E-04 9.32E-03 1.00E+00 6.09E+00 6.00E+00 2.74E+02 2.09E+04 3.51E+06 1.22E+09

35/50 + 60% RAP 1.95E-06 1.06E-05 7.31E-05 6.62E-04 9.33E-03 1.00E+00 6.11E+00 6.00E+00 2.41E+02 1.88E+04 3.51E+06 1.07E+09

RAP binder - - - - - - - - - - - -

bitumen
shift factors aT [-] - estimated values
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Figure 4.21 – Plots of estimated vs. experimental values of E0, δ, β, τ0 and log(aT) for binders 

blends of Campaign A produced with pure 35-50 and RAP binders after DSR and Métravib® 

complex modulus test results. 
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a)  

b)  

c)  

Figure 4.22 – Comparison between test results and curves built using experimental and 

estimated 2S2P1D parameters for bitumen 35/50 + 60% RAP after DSR and Métravib® 

complex modulus test results: (a, top) Cole-Cole curve; (b, middle) Black curve; (c, bottom) 

complex modulus (norm) and phase angle master curves (Tref = 15°C). 
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4.1.2 Bituminous mixtures 

In this section, results obtained for two-point bending and tension-compression complex 

modulus tests on mixtures of Campaign A are presented. A total of 21 mixtures have been 

tested. This part of the study focuses on three main objectives: 

 the influence of RAP content and fresh added binder penetration on complex 

modulus of mixtures; 

 the degree of blending of RAP and fresh added binder in mixtures produced with 

RAP material; 

 the influence of a recycling agent on complex modulus of mixtures produced with 

RAP material. 

Experimental results and analysis have already been presented in several papers 

(Mangiafico et al., 2012a, 2013a, 2013b). With respect to published articles, 2S2P1D fitting 

of some mixtures has been improved and the regression model used to fit two-point bending 

test results has been refined. 

4.1.2.1 Results and 2S2P1D modeling 

Complex modulus tests were performed on all mixtures of Campaign A in two-point 

bending configuration. Two samples were tested for every material, with the exception of 

mixtures A.40.15-25 (four samples) and A.60.70-100.perfect (one sample). Void content of 

each sample was measured before testing. Table 4.13 shows obtained norm of complex 

modulus (at 15°C, 10 Hz) and void content obtained for every sample and average values for 

each material. |E*| values are rounded to closest ten. 
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Table 4.13 – Two-point bending complex modulus test results for mixtures of Campaign A. 

 

14510 3.6%
15310 2.9%
15990 3.3%
14570 5.0%
15380 4.6%
15560 3.9%
16400 3.2%
16160 3.1%
17910 2.5%
17070 2.4%
15410 2.7%
14870 3.1%
17970 3.6%
18410 3.1%
16150 2.3%
15160 2.4%
11740 3.9%
10800 4.3%
13120 4.1%
14160 3.8%
14130 2.9%
13820 3.0%
15800 2.5%
15730 2.4%
13730 2.2%
14060 2.2%
17350 3.9%
16910 3.8%
12940 4.0%
12280 4.3%
8800 3.4%
8050 3.7%

10480 3.3%
10980 2.4%
12310 2.7%
12700 2.7%
16480 2.3%
15680 3.0%
13880 2.8%
13650 3.0%

18980 2.5%
18520 2.5%

12510

6.6%1168011680 6.6%

2.7%

2.9%

16080

13760

4.0%

2.5%

3.6%

2.9%

2.7%

2.4%

12610

3.9%

4.2%

17130

3.0%

2.5%

2.2%

4.1%

2.8%

2.9%

3.4%

3.3%

4.2%

4.3%

A.100.RAP

14910

15280

15470

16890

15140

18190

15660

11270

13640

13980

15770

13900

18750

8430

10730

A.60.35-50

A.60.35-50.agent

A.60.70-100.perfect

A.0.70-100

A.20.70-100

A.40.70-100

A.60.70-100

A.60.70-100.agent

A.0.35-50

A.20.35-50

A.20.35-50.agent

A.40.35-50

A.40.35-50.agent

A.0.15-25

A.20.15-25

A.20.15-25.agent

void content 

[%]

void content 

[%]
|E*| (15°C, 10 Hz) 

[MPa]

|E*| (15°C, 10 Hz) 

[MPa]

mixtures

samples average

A.40.15-25

A.40.15-25.agent

A.60.15-25

A.60.15-25.agent
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As explained in Section 2.1.1.2, complex modulus tests were also performed in tension-

compression mode for selected mixtures, on one sample. Samples used for tension-

compression tests for each tested material and corresponding void contents are reported in 

Table 4.14. 

Table 4.14 – Samples used for tension-compression complex modulus tests on mixtures of 

Campaign A. For each sample, void content is indicated. 

 

A slight difference was detected between targeted and measured temperatures during 

tension-compression tests, because of the characteristics of the thermal chamber. Table 4.15 

shows measured temperatures during each test. For each temperature, the maximum 

difference between imposed and measured values and the maximum variation among 

measured values are reported. It can be observed that measured temperatures during different 

tests remains reasonably constant. 

Table 4.15 – Targeted and measured test temperatures for tension-compression complex 

modulus tests on mixtures of Campaign A. For each temperature, maximum difference 

(targeted-measured) and variation (among measured) are indicated. 

 

mixture sample void content [%]

A.0.15-25 A.0.15-25.R1 3.9%

A.0.35-50 A.0.35-50.R4 3.7%

A.20.35-50 A.20.35-50.R4 4.1%

A.40.35-50 A.40.35-50 3.2%

A.60.35-50 A.60.35-50.L4 2.3%

A.0.70-100 A.0.70-100.L1 3.8%

A.20.70-100 A.20.70-100.R4 2.6%

A.60.70-100 A.60.70-100.L4 2.1%

A.100.RAP A.100.RAP.L2 1.4%

A.0.15-25 -25.1 -10.5 -0.6 9.2 14.1 23.9 38.5

A.0.35-50 -24.9 -10.2 -0.4 9.4 14.2 24.0 38.5

A.20.35-50 -25.1 -10.4 -0.5 9.3 14.2 24.0 38.7

A.40.35-50 -25.0 -10.4 -0.5 9.3 14.2 24.0 38.6

A.60.35-50 -25.0 -10.5 -0.7 9.1 13.9 23.8 38.3

A.0.70-100 -24.7 -10.1 -0.3 9.5 14.4 24.1 38.7

A.20.70-100 -24.8 -10.1 -0.3 9.5 14.4 24.2 38.8

A.60.70-100 -24.9 -10.4 -0.6 9.2 14.0 23.9 38.4

A.100.RAP -24.7 -10.3 -0.4 9.4 14.1 23.8 37.9

0.3 0.5 0.7 0.9 1.1 1.2 2.1

0.5 0.4 0.4 0.4 0.4 0.4 0.8

mixture
targeted                                    

test temperature [°C]

max difference [°C]

max variation [°C]

measured                                     

test                                 

temperature                                 

[°C]

-25.0 -10.0 0.0 10.0 15.0 25.0 40.0
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a)  

b)  

Figure 4.23 – Example of tension-compression complex modulus test results for mixture 

A.0.35-50: (a, top) norm of complex modulus isotherms; (b, bottom) phase angle isotherms. 

As an example, isothermal curves of norm of complex modulus and phase angle for 

mixture A.0.35-50 obtained with tension compression tests are shown in Figure 4.23. 

For every mixture, isothermal master curves of norm of complex modulus |E*| and phase 

angle φ were built at a reference temperature Tref close to 14°C (the temperature obtained 

when targeting a test temperature equal to 15°C, reported in Table 4.15). As an example, 

master curves and corresponding temperature shift factors of mixtures produced with base 

binder 35/50 and different RAP contents are shown in Figure 4.24. Values of aT and WLF 

constants are reported in Table 4.16. 
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Although a transition can be observed between mixtures without RAP (as A.0.35-50) and 

the 100% RAP mixture (A.100.RAP), it is not as gradual as for bitumen blends. 

Experimental data were fitted with 2S2P1D model. As an example, Black, Cole-Cole and 

complex modulus and phase angle master curves (Tref of approximately 14°C) for mixture 

A.0.35-50 are reported in Figure 4.25. Figure 4.26 shows WLF fit of temperature shift factors 

aT. 2S2P1D model parameters for mixtures of Campaign A tested in tension-compression 

mode are listed in Table 4.17. 2S2P1D model fittings of Black curves, Cole-Cole curves, 

complex modulus and phase angle master curves and WLF curves obtained for all mixtures of 

Campaign A tested in tension-compression mode are reported in Appendix A5. 
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a)  

b)  

Figure 4.24 – Tension-compression complex modulus test results for mixtures of Campaign A 

produced with 35/50 base binder and RAP: (a, top) norm of complex modulus and phase 

angle isothermal master curves (Tref close to 14°C, temperature obtained when targeting 

15°C); (b, bottom) temperature shift factors. 
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Table 4.16 – Tension-compression complex modulus test results for mixtures of Campaign A: 

(a, top) temperature shift factors aT; (b; bottom) WLF constants. 

a)  

b)  

 

mixture

-25.1°C -10.5°C -0.6°C 9.2°C 14.1°C 23.9°C 38.5°C

5.50E+07 5.05E+04 5.00E+02 7.50E+00 1.00E+00 3.02E-02 2.66E-04

-24.9°C -10.2°C -0.4°C 9.4°C 14.2°C 24.0°C 38.5°C

4.00E+07 6.50E+04 5.43E+02 6.61E+00 1.00E+00 4.00E-02 3.93E-04

-25.1°C -10.4°C -0.5°C 9.3°C 14.2°C 24.0°C 38.7°C

6.67E+07 7.00E+04 6.67E+02 7.00E+00 1.00E+00 3.40E-02 3.30E-04

25.0°C -10.4°C -0.5°C 9.3°C 14.2°C 24.0°C 38.6°C

9.94E+07 5.55E+04 5.08E+02 6.09E+00 1.00E+00 3.20E-02 2.87E-04

-25.0°C -10.5°C -0.7°C 9.1°C 13.9°C 23.8°C 38.3°C

4.50E+07 4.77E+04 5.50E+02 7.50E+00 1.00E+00 3.38E-02 3.23E-04

-24.7°C -10.1°C -0.3°C 9.5°C 14.4°C 24.1°C 38.7°C

1.95E+07 3.78E+04 3.70E+02 6.00E+00 1.00E+00 3.50E-02 3.80E-04

-24.8°C -10.1°C -0.3°C 9.5°C 14.4°C 24.2°C 38.8°C

1.61E+07 3.16E+04 3.21E+02 5.68E+00 1.00E+00 3.48E-02 4.01E-04

-24.9°C -10.4°C -0.6°C 9.2°C 14.0°C 23.9°C 38.4°C

3.80E+07 4.52E+04 4.60E+02 7.50E+00 1.00E+00 3.50E-02 3.10E-04

-24.7°C -10.3°C -0.4°C 9.4°C 14.1°C 23.8°C 37.9°C

6.20E+06 1.83E+04 1.87E+02 3.72E+00 1.00E+00 3.20E-02 3.06E-04

A.0.70-100

A.20.70-100

A.60.70-100

A.100.RAP

shift factors aT [-]

A.0.15-25

A.0.35-50

A.20.35-50

A.40.35-50

A.60.35-50

mixture C1 C2

A.0.15-25 41.579 249.854

A.0.35-50 30.860 196.094

A.20.35-50 31.738 198.849

A.40.35-50 32.034 196.120

A.60.35-50 35.498 219.721

A.0.70-100 36.934 236.956

A.20.70-100 36.615 238.436

A.60.70-100 38.765 239.866

A.100.RAP 59.073 376.260
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a)  

b)  

c)  

Figure 4.25 - Example of 2S2P1D model fitting of tension-compression complex modulus test 

results for mixture A.0.35-50: (a, top) Cole-Cole curve; (b, middle) Black curve; (c, bottom) 

complex modulus (norm) and phase angle master curves (Tref = 14.2°C). 
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Figure 4.26 – Example of WLF curve fitted on aT values obtained with tension-compression 

complex modulus tests for mixture A.0.35-50. 

Table 4.17 – 2S2P1D parameters for mixtures of Campaign A after tension-compression 

complex modulus test results. 

 

4.1.2.2 Variation of 2S2P1D parameters of bituminous mixtures with RAP material content: 

indications on the degree of blending between RAP and fresh binders 

The approach followed to develop a bitumen blending law (Section 4.1.1.2), to predict 

LVE properties of binder blends, has been used to study the degree of blending between 

added base bitumen and RAP binder within mixtures produced with RAP material. 

2S2P1D parameters and temperature shift factors determined for mixtures of Campaign 

A (based on tension-compression tests), reported, respectively, in Table 4.16 and Table 4.17, 

were plotted as a function of RAP content within the mixture. Plots for parameters E00, E0, δ, 

β and τ0 (evaluated at a Tref of 15°C) and shift factors aT at -25°C (as an example) are shown 

from Figure 4.27 to Figure 4.32. 

1E-05

1E-03

1E-01

1E+01

1E+03

1E+05

1E+07

1E+09

-30 -10 10 30 50

a T
[-

]

Temperature [°C]

aT (T/C)

WLF

mixture E00 [MPa] E0 [MPa] k h δ  τ0 [s] β  ν00 [-]  ν0 [-]  τν [s]

A.0.15-25 13.5 37200 0.165 0.515 2.50 2.90E+00 680 0.48 0.22 1.90E+01

A.0.35-50 14 36000 0.179 0.560 2.25 2.10E-01 200 0.35 0.14 1.50E+00

A.20.35-50 16 37250 0.173 0.540 2.40 3.00E-01 300 0.47 0.08 1.00E+01

A.40.35-50 18 38450 0.168 0.508 2.54 2.10E+00 480 - - -

A.60.35-50 20 38750 0.162 0.510 2.63 7.00E+00 900 0.38 0.14 4.00E+01

A.0.70-100 13 38600 0.179 0.540 2.15 1.80E-02 300 0.51 0.20 1.00E-01

A.20.70-100 21 39250 0.173 0.530 2.15 4.50E-02 500 0.50 0.21 1.00E+00

A.60.70-100 17 39500 0.162 0.500 2.62 2.00E+00 1400 0.47 0.20 1.50E+01

A.100.RAP 23 39100 0.153 0.480 2.26 1.65E+01 500 - - -
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Figure 4.27 – Tension-compression complex modulus tests for mixtures of Campaign A: E00 

tendency with RAP binder content. 

 

Figure 4.28 – Tension-compression complex modulus tests for mixtures of Campaign A: E0 

tendency with RAP binder content. 

 

Figure 4.29 – Tension-compression complex modulus tests for mixtures of Campaign A: δ 

tendency with RAP binder content. 
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Figure 4.30 – Tension-compression complex modulus tests for mixtures of Campaign A: β 

tendency with RAP binder content. 

 

Figure 4.31 – Tension-compression complex modulus tests for mixtures of Campaign A: τ0 

(Tref = 15°C) tendency with RAP binder content. 

 

Figure 4.32 – Tension-compression complex modulus tests for mixtures of Campaign A: aT (at 

-25°C) tendency with RAP binder content. 
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Differently from what observed for bitumen blends, 2S2P1D and temperature shift 

factors of mixtures do not appear to follow clear tendencies with RAP content. In particular, 

the evolution of τ0 was monitored. This choice was made because this parameter is the only 

one, among 2S2P1D parameters, depending on temperature, therefore related to thermal 

sensitivity of bitumens and mixtures. For this reason, this parameter can be used to monitor 

the influence of binder characteristics on mixture behavior. Figure 4.33 and Figure 4.34 show 

a summary of the evolution of parameter τ0 with RAP content for bitumens and mixtures 

produced with, respectively, base binders 35/50 and 70/100. 

 

Figure 4.33 – Campaign A: evolution of parameter τ0 (Tref = 15°C) with RAP content for 

bitumens (DSR and Métravib® tests) and mixtures (tension-compression tests) produced with 

base binder 35/50 and RAP binder. 

 

Figure 4.34 – Campaign A: evolution of parameter τ0 (Tref = 15°C) with RAP content for 

bitumens (DSR tests) and mixtures (tension-compression tests) produced with base binder 

70/100 and RAP binder. 

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

0 20 40 60 80 100

τ 0
[s

]

% RAP

35/50 blends DSR

RAP binder DSR

35/50 blends DSR+Métravib

RAP binder DSR+Métravib

35/50 mixtures

A.100.RAP

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

0 20 40 60 80 100

τ 0
[s

]

% RAP

70/100 blends DSR

RAP binder DSR

70/100 mixtures

A.100.RAP



 

Chapter 4 – LVE behavior of bituminous materials: test results and analysis 

 

154 

 

In order to immediately visualize the correspondence between related binders and 

mixtures, τ0 values were normalized with respect to those obtained for binders and mixtures 

not containing RAP material (Figure 4.35 and Figure 4.36). For bitumen blends produced 

with 35/50 base binder, only τ0 values based on DSR+Métravib® data sets were considered, 

because of the experimental problems observed with DSR tests at low temperatures. 

 

Figure 4.35 – Campaign A: evolution of normalized parameter τ0 (Tref = 15°C) with RAP 

content for bitumens (DSR and Métravib® tests) and mixtures (tension-compression tests) 

produced with base binder 35/50 and RAP binder. 

 

Figure 4.36 – Campaign A: evolution of normalized parameter τ0 (Tref = 15°C) with RAP 

content for bitumens (DSR tests) and mixtures (tension-compression tests) produced with base 

binder 70/100 and RAP binder. 
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60% RAP content, normalized τ0 values for mixtures are remarkably higher than for binders, 

causing a deviation from the linear trend. It is the author's hypothesis that this difference 

between τ0 trends for binders and mixtures indicates an incomplete blend of RAP and fresh 

binder within the mixture. This hypothesis is supported by other findings of this study. 

4.1.2.3 Influence of RAP content and penetration grade of fresh added binder on complex 

modulus of bituminous materials at 15°C, 10 Hz 

This part of the study was conducted on all mixtures of Campaign A, except for those 

produced with recycling agent and for mixture A.60.70-100.perfect. 

Two-point bending complex modulus test results for these mixtures (at 15°C, 10 Hz, 

already presented in Table 4.13) are summarized in Table 4.18 and plotted in histogram form 

in Figure 4.37. Average void content measured for each set of samples is also plotted. The EN 

13108-1:2006 |E*| requirement of 14000 MPa for EME mixtures is shown. 

For all mixtures produced with the same base bitumen, |E*| values have been normalized 

with respect to the value obtained for the mixture without RAP. For example, |E*| values 

obtained for mixtures A.0.15-25, A.20.15-25, A.40.15-25 and A.60.15-25 have been 

normalized with respect to the |E*| value measured for mixture A.0.15-25. Regarding mixture 

A.100.RAP, its |E*| value has been normalized with respect to values measured for mixtures 

A.0.15-25, A.0.35-50 or A.0.70-100. Normalized |E*| values are reported in Table 4.18a and 

plotted in Figure 4.37b. 

The same approach was followed for values of norm of complex modulus measured for 

corresponding bitumen blends with DSR tests (|E*| estimated from |G*| values as                

|E*| = 3|G*|). Experimental and normalized |E*| values for bitumens are reported in Table 

4.18b and shown in Figure 4.38. 
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Table 4.18 – Experimental and normalized complex modulus values for materials of 

Campaign A at 15°C, 10 Hz: (a, top) mixtures (two-point bending tests); (b, bottom) bitumens 

(DSR tests). 

a)  

b)  

mixture
|E

*
|                       

(15°C, 10 Hz)          

[-]

|E*|/|E*
0%|        

(15°C, 10 Hz)          

[-]

A.0.15-25 14910 1.00

A.20.15-25 15280 1.02

A.40.15-25 16890 1.13

A.60.15-25 18190 1.22

A.100.RAP 18750 1.26

A.0.35-50 11270 1.00

A.20.35-50 13640 1.21

A.40.35-50 15770 1.40

A.60.35-50 17130 1.52

A.100.RAP 18750 1.66

A.0.70-100 8430 1.00

A.20.70-100 10730 1.27

A.40.70-100 12510 1.48

A.60.70-100 16080 1.91

A.100.RAP 18750 2.22

normalized to 

A.0.15-25

normalized to 

A.0.35-50

normalized to 

A.0.70-100

bitumen
|E

*
|                       

(15°C, 10 Hz)          

[-]

|E
*
|/|E

*
0%|        

(15°C, 10 Hz)          

[-]

15/25 103 1.00

15/25 + 20% RAP 136 1.31

15/25 + 40% RAP 140 1.36

15/25 + 60% RAP 161 1.56

RAP binder 229 2.22

35/50 64 1.00

35/50 + 20% RAP 84 1.32

35/50 + 40% RAP 114 1.79

35/50 + 60% RAP 141 2.20

RAP binder 229 3.58

70/100 24 1.00

70/100 + 20% RAP 41 1.71

70/100 + 40% RAP 62 2.61

70/100 + 60% RAP 100 4.21

RAP binder 229 9.62

normalized to 

15/25

normalized to 

35/50

normalized to 

70/100
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a)  

b)  

c)  

Figure 4.37 – Two-point bending complex modulus test results for mixtures of Campaign A: 

(a, top) |E*| values at 15°C, 10 Hz (14000 MPa is the minimum required |E*| value for EME 

mixtures according to EN 13108-1:2006); (b, middle) normalized |E*| values at 15°C, 10 Hz 

(with respect to values of mixtures without RAP); (c, bottom) measured void contents. 
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a)  

b)  

Figure 4.38 – DSR complex modulus test results for bitumens of Campaign A: (a, top) |E*| 

values at 15°C, 10 Hz; (b, bottom) normalized |E*| values at 15°C, 10 Hz (with respect to 

values of base bitumens without RAP). 

As expected, for both mixtures and bitumens, complex modulus values increase with the 

percentage of RAP material (respectively, RAP binder) included in the final mixture 

(respectively, bitumen blend). The rate of increase of complex modulus with RAP content is 

higher for bitumens than for mixtures. This is an expected result, given the large influence of 

the aggregate skeleton on the response of bituminous mixtures. Also, the influence of RAP 

content on complex modulus is different for mixtures and bitumen blends produced from 

various base bitumens. In order to compare the effect of RAP content on mixtures and 

bitumens, normalized |E*| values of mixtures were plotted as a function of normalized |E*| 

values of corresponding bitumen blends (Figure 4.39). Although the stiffening effects due to 

the addition of RAP material to bitumen blends and bituminous mixtures appear to be related, 

a relatively low R2 value is obtained for a linear regression. 
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Figure 4.39 – Campaign A: Mixture vs. bitumen normalized complex modulus values at 15°C, 

10 Hz. 

As already explained, penetration tests were performed on all bitumen blends (values 

reported in Table 2.10). |E*| values of all mixtures were plotted against measured penetration 

values of corresponding bitumen blends (Figure 4.40). Norm of complex modulus shows a 

dependence on both RAP content and fresh binder penetration. This seems to indicate that 

both fresh binder penetration values and RAP content affect complex modulus of mixtures. 

 

Figure 4.40 – Campaign A: |E*| (15°C, 10 Hz) of mixtures against penetration values of 

corresponding bitumen blends. 

In order to further investigate this topic, a statistical analysis was performed on 

experimental results of mixtures of Campaign A, using a surface response methodology. 
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Mixtures included in the 3141 full factorial design described in Section 2.1.1.2 were 

considered. RAP material content was chosen as a four-level factor (0%, 20%, 40% and 

60%), while base binder penetration was chosen as a three-level factor (16 dmm, 34 dmm and 

73 dmm). Norm of complex modulus |E*| at 15°C, 10 Hz was the monitored response. 

Factors were normalized and transformed into two variables varying from -1 to +1. The 

analyzed experimental plan, together with normalized factors and monitored response values, 

is shown in Table 4.19. 

Table 4.19 – Experimental plan of surface response analysis for mixtures of Campaign A: X1 

is the normalized penetration of base binders and X2 is the normalized RAP content. 

 

Experimental data were fitted with a second order polynomial model according to 

Equation (4.8) 

   

 Y = b0 + b1X1 + b2X2 + b11X1
2 + b22X2

2 + b12X1X2 (4.8) 

   

where:  

 Y is the response (|E*| at 15°C, 10 Hz); 

 X1 and X2 are the two normalized factors corresponding, respectively, to penetration 

of base binder and RAP content in the mixture; 

 b1 and b2 are coefficients representing the linear effects of, respectively, X1 and X2; 

 b11 and b22 are coefficients representing the quadratic effects of, respectively, X1 and 

X2; 

 b12 is a coefficient representing the linear-by-linear interaction effect between X1 and 

X2. 

mixture
base binder pen 

[dmm]

RAP content 

[%]
X1 X2

|E*| (15°C, 10 Hz) 

[MPa]

A.0.15-25 16 0 -1.00000 -1.00000 14910

A.20.15-25 16 20 -1.00000 -0.34386 15280

A.40.15-25 16 40 -1.00000 0.32632 16890

A.60.15-25 16 60 -1.00000 1.00000 18190

A.0.35-50 34 0 -0.36842 -1.00000 11270

A.20.35-50 34 20 -0.36842 -0.34386 13640

A.40.35-50 34 40 -0.36842 0.32632 15770

A.60.35-50 34 60 -0.36842 1.00000 17130

A.0.70-100 73 0 1.00000 -1.00000 8430

A.20.70-100 73 20 1.00000 -0.34386 10730

A.40.70-100 73 40 1.00000 0.32632 12510

A.60.70-100 73 60 1.00000 1.00000 16080
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The accuracy of the model fit is evaluated by means of the R2 value and the statistical 

significance of model coefficients is estimated (note that in tables the p-value, that is the 

probability of each coefficient of not being significant, is listed). 

The significance of estimated coefficients is evaluated by using the t-statistic value 

t.exp., calculated as the ratio of standard deviation and coefficient value estimation. The p-

value) value, reported in the last column, is the probability (in percent) that the null 

hypothesis is true (therefore, that the estimated coefficient is not significant). The meaning of 

the number of stars next to the value is the level of significance, i.e.: 

• *  significant at a level comprised between 95% and 99%; 

• **  significant at a level comprised between 99% and 99.9%; 

• ***  significant at a level greater than 99.9%. 

Results of the statistical analysis regarding complex modulus are reported in Table 4.20. 

Coefficients refer to normalized values of factors X1 and X2. Figure 4.41 shows a 

tridimensional plot with experimental data points and the fitted model surface. Complex 

modulus values are plotted on the vertical axis against real values of base binder penetration 

and RAP material content reported on the horizontal plane. Projections of data points on this 

plane are also shown in blue, red and green for mixtures produced with, respectively, 15/25, 

35/50 and 70/100 base binders. European Standard EN 13108-1:2006 14000 MPa requirement 

for EME mixtures is shown. Level curves on the horizontal plane are also shown in Figure 

4.42. 

Table 4.20 – Statistical analysis of experimental results for complex modulus of mixtures of 

Campaign A: (a, top) model fitting statistics; (b, bottom) model coefficients of Equation (4.8). 

a)  

 b)  

Standard deviation of response 529.5

R2 0.983

Degrees of freedom 6

 Coefficient  Value St. deviation     t.exp.    p-value

b0    13473.7 371.2 36.30 < 0.01 ***

b1      -2185.9 187.2 -11.68 < 0.01 ***

b2      2906.8 207.2 14.03 < 0.01 ***

b11     557.5 383.6 1.45 19.6

b22     196.1 344.4 0.57 59.0

b12     924.2 245.6 3.76 0.936 **
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Figure 4.41 – Statistical analysis of experimental results for complex modulus of mixtures of 

Campaign A at 15°C, 10 Hz: experimental data and model surface plot. 14000 MPa is the 

minimum required complex modulus value for EME mixtures according to EN 13108-1:2006. 

 

Figure 4.42 – Statistical analysis of experimental results for complex modulus of mixtures of 

Campaign A at 15°C, 10 Hz: surface level curves. 14000 MPa is the minimum required 

complex modulus value for EME mixtures according to EN 13108-1:2006. 

14000 MPa
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The model successfully fits complex modulus values of all mixtures in the tested domain 

of fresh binder penetration and RAP material content (R2 equal to 0.983). Although quadratic 

coefficients b11 and b22 do not appear to have a significant role in the fit, coefficient b12 is 

observed to have a slight statistical significance. This observation confirms and completes 

what already noticed in Figure 4.40. Complete model equation for norm complex modulus 

|E*| (15°C, 10 Hz, in MPa) with coefficients referring to non-normalized factors is reported in 

Equation (4.9). 

   

 |E∗| = 16996 − 170.36 pen + 35.76 RAP + 0.69 pen2 + 0.22 RAP2 + 1.08 pen RAP (4.9) 

   

where pen is the fresh binder penetration value in dmm and RAP is the percentage of RAP 

within the mixture. 

A non-secondary conclusion is the possibility of producing mixtures that fulfill the 

requirements for EME materials with all of the considered base bitumens, by accurately 

selecting RAP content. 

4.1.2.4 Influence of recycling agent on complex modulus at 15°C, 10 Hz of bituminous 

mixtures produced with RAP material 

For this part of the study two-point bending test results for all mixtures of Campaign A 

were considered. 

Complex modulus |E*| values at 15°C, 10 Hz for all mixtures are plotted in histogram 

form in Figure 4.43 (the 14000 MPa requirement for |E*| of EME mixtures is shown). Figure 

4.44 shows average void content measured on each set of samples for all mixtures. 

Mixtures produced with recycling agent have a slightly lower complex modulus with 

respect to corresponding regular mixtures. It is also interesting to note that mixtures produced 

with recycling agent do not show a remarkable and progressive stiffness increase with 

increasing RAP content. 

In order to better observe the effect of the recycling agent, similarly to what done in 

Section 4.1.2.3, |E*| values of all mixtures produced with the same base bitumen have been 

normalized with respect to the value obtained for the mixture without RAP. Regarding 

mixture A.100.RAP, its |E*| value has been normalized with respect to values measured for 

mixtures A.0.15-25, A.0.35-50 or A.0.70-100. Normalized |E*| values are plotted in Figure 

4.45. It can be observed that stiffness of mixtures produced with recycling agent show 

minimal or approximately no variation with RAP content, with respect to mixtures without 

RAP (and, therefore, without recycling agent as well). This result is not surprising, since the 

effect of the agent is similar to that of a fluxing agent and its content was fixed as a 

percentage (3.5%) of RAP bitumen included in the mixture, therefore mixtures with a higher 

RAP content have also a higher recycling agent content. 
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Moreover, for each mixture, a ratio was calculated, between complex modulus measured 

on the material with recycling agent (|E*
with agent|) and complex modulus of the corresponding 

mixture without recycling agent (|E*
w/o agent|). For example, the ratio between moduli of 

mixture A.40.35-50.agent and A.40.35-50 was calculated. Calculated ratios are plotted in 

Figure 4.46. From obtained results, it appears that the addition of the recycling agent to 

mixtures produced with base binders 15/25 and 35/50 has the same impact in terms of 

reduction of complex modulus, when RAP content is equal to 20% and 40%. Mixtures 

containing 60% RAP show different |E*
with agent|/|E

*
w/o agent| ratios, depending on their base 

bitumen. 
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Figure 4.43 – Complex modulus |E*| values at 15°C, 10 Hz (two-point bending tests) for mixtures of Campaign A, with and without recycling 

agent (14000 MPa is the minimum required |E*| value for EME mixtures according to EN 13108-1:2006). 
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Figure 4.44 – Average void content of sets of samples used for two-point bending complex modulus tests for mixtures of Campaign A, with 

and without recycling agent. 

+ average value obtained on two sets of samples

0.0%

1.0%

2.0%

3.0%

4.0%

5.0%

vo
id

 c
o

n
te

n
t 

[%
]

w/o agent

with agent

+



 

LVE properties and fatigue of bituminous mixtures with RAP and corresponding binder blends 

 

167 

 

 

Figure 4.45 – Normalized complex modulus |E*| values at 15°C, 10 Hz (two-point bending tests) for mixtures of Campaign A, with and 

without recycling agent. 
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Figure 4.46 – Ratios between complex modulus values of mixtures of Campaign A with and 

without recycling agent. 

Regarding mixtures produced with base binder 70/100, only mixture A.60.70-100 was 

produced and tested both with and without recycling agent. For this reason, no conclusions 

can be drawn about its effect on complex modulus with different RAP contents. 

However, test results obtained for mixtures A.60.70-100 and A.60.70-100.agent were 

compared to those obtained for mixture A.60.70-100.perfect. As already explained in Section 

2.1.1.2, this mixture was produced by simulating the so-called "total blend" case, that is a 

mixture containing RAP material, in which RAP binder and fresh added binder are fully 

blended. The objective of the comparison between properties of A.60.70-100, A.60.70-

100.agent and A.60.70-100.perfect was to obtain some indications about both the effect of the 

recycling agent and the degree of blending in the regular mixture A.60.70-100. 

Complex modulus |E*| values at 15°C, 10 Hz obtained for these three mixtures are shown 

in Figure 4.47a, together with void content of each set of samples (Figure 4.47b). 

Mixture A.60.70-100.perfect appears to have the lowest complex modulus among the 

three considered materials. However, the sample used for this mixture has a significantly 

higher void content with respect to samples used for the other two. Since this discrepancy 

could have a non negligible impact on test results, |E*| values were corrected using the 

following formula (Delorme et al., 2005): 

   

 ∆|E∗| = (310 b − 2000)b ∆v (4.10) 

   

where b is the binder content by weight of aggregate and RAP material and Δv is the 

void content difference with respect to an arbitrary reference value. The chosen reference void 
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content for the correction was 5.7%, while b is equal to 5.59%. Corrected values are shown in 

Table 4.21 and in Figure 4.48. 

a)  

b)  

Figure 4.47 – Two-point bending complex modulus test results for mixtures A.60.70-100, 

A.60.70-100.agent and A.60.70-100.perfect: (a, top) |E*| (15°C, 10 Hz); (b, bottom) void 

content. 
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Table 4.21 – Two-point bending complex modulus test results for mixtures A.60.70-100, 

A.60.70-100.agent and A.60.70-100.perfect: corrected |E*| (15°C, 10 Hz) values for a 5.7% 

void content. 

 

 

Figure 4.48 – Two-point bending complex modulus test results for mixtures A.60.70-100, 

A.60.70-100.agent and A.60.70-100.perfect: corrected |E*| (15°C, 10 Hz) values for a 5.7% 

void content. 

The correction formula was developed for a specific mixture, produced with 40/50 

bitumen and its validity for other mixtures is not proven. For this reason, corrected values 

have been considered only as an indication. Moreover, this correction was not applied to all 

two-point bending complex modulus test results, since void content variations between 

different samples were not judged excessively high. 

Regardless of the considered set of data (experimental or corrected values), mixtures 

A.60.70-100 and A.60.70-100.perfect do not appear to have the same complex modulus. This 

observation seems to indicate that mixtures containing RAP material and produced with a 

regular procedure are characterized by incomplete blending between RAP and fresh added 

binder. This confirms partial conclusions of Section 4.1.2.2. 
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4.1.3 Application of SHStS transformation to complex modulus test results obtained 

for bituminous mixtures containing RAP and corresponding binders 

Complex modulus values obtained with DSR and Métravib® tests for bitumen 35/50, 

pure RAP binder and corresponding bitumen blends (35/50 + 20% RAP, 35/50 + 40% RAP 

and 35/50 + 60% RAP) were normalized to corresponding parameters E0 and E00 reported in 

Table 4.4, according to Equation (1.109). Only DSR+Métravib data sets were used for this 

analysis, because of the errors due to experimental limitations observed for DSR tests at low 

temperatures.  

The same approach was followed for corresponding mixtures. Complex modulus values 

obtained in tension-compression mode for mixtures of Campaign A produced with base 

bitumen 35/50 (A.0.35-50, A.20.35-50, A.40.35-50 and A.60.35-50) and for mixture 

A.100.RAP  were normalized to corresponding parameters E0 and E00 reported in Table 4.17. 

As an example, normalized Cole-Cole curves obtained for bitumen 35/50 + 20% RAP 

and mixture A.20.35-50 are shown in Figure 4.49. Curves obtained for all considered 

materials are reported in Appendix A6. 

 

Figure 4.49 – Normalized Cole-Cole plot for bitumen 35/50 + 20% RAP (after DSR and 

Métravib® tests) and mixture A.20.35-50 (tension-compression tests). 

It can be noticed that curves formed by data points of binder 35/50 + 20% RAP and 

mixture A.20.35-50 show a reasonable superposition. The same observation can be made for 

curves obtained for the other corresponding bitumens and mixtures. 

Using normalized values of complex modulus and parameters E0 and E00, SHStS 

transformation has been applied to simulate LVE behavior of mixtures from DSR+Métravib 

data sets obtained for corresponding binders. Table 4.22 reports parameters E0, E00 and α of 

corresponding binders and mixtures. In order to calculate values of α, WLF parameters shown 
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in Table 4.3 were used to estimate τ0 of binders at the same reference temperature used to 

calibrate τ0 of corresponding mixtures. 

Table 4.22 – Parameters used for SHStS transformation for corresponding binders and 

mixtures of Campaign A produced with base bitumens 35/50 and RAP binder. 

 

As an example, a comparison between Black, Cole-Cole and master curves (both for 

norm of complex modulus and phase angle) obtained with experimental results and simulated 

values for mixture A.20.35-50 are shown from Figure 4.50 to Figure 4.53. |E*| and φ master 

curves for experimental results are plotted at a reference temperature of 14.2°C. Curves 

simulated also for the other considered materials as reported in Appendix A6. 

 

Figure 4.50 – Simulation of LVE behavior of mixture A.20.35-50 from DSR and Métravib® 

tests on binder 35/50 + 20% RAP using SHStS transformation: Black curves. 
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Figure 4.51 – Simulation of LVE behavior of mixture A.20.35-50 from DSR and Métravib® 

tests on binder 35/50 + 20% RAP using SHStS transformation: Col-Cole curves. 

 

Figure 4.52 – Simulation of LVE behavior of mixture A.20.35-50 from DSR and Métravib® 

tests on binder 35/50 + 20% RAP using SHStS transformation: |E*| master curves               

(Tref = 14.2°C). 
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Figure 4.53 – Simulation of LVE behavior of mixture A.20.35-50 from DSR and Métravib® 

tests on binder 35/50 + 20% RAP using SHStS transformation: φ master curves                        

(Tref = 14.2°C). 

SHStS transformation yielded successful predictions of mixture LVE behavior from test 

results obtained for corresponding binder. Similar results were obtained also for other 

mixtures. 

Similarly to what done for 2S2P1D parameters in Section 4.1.2.2, variations of parameter 

α used for SHStS transformation were examined. Values of α are plotted against RAP content 

of bitumens and mixtures in Figure 4.54. No clear tendency can be observed, suggesting that 

the ratio between τ0 values of corresponding binders and mixtures is not directly related to 

RAP content in the mixture. However, it should be observed that the same granular curve was 

used for all mixtures of Campaign A. This aspect can have an influence on the observed 

variations of α, since this parameter depends on mixture design and binder aging occurring 

during mixing (Di Benedetto et al., 2004; Olard & Di Benedetto, 2003).  
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Figure 4.54 – Variation of parameter α with RAP content for bitumens (DSR and Métravib® 

tests) and mixtures (tension-compression tests) produced with base binders 35/50 and RAP 

binder. 

4.2 Campaign B1 

The purpose of this part of the study is to qualitatively evaluate whether and how 

selected mixture design variables (aggregate nature, filler nature, binder content and binder 

type) influence mechanical performances of bituminous mixtures produced with RAP 

material (20% RAP content). The evaluation has been performed from a statistical point of 

view, using a fractional factorial experimental design. Experimental data were obtained from 

tests performed using two-point bending configuration. 

Findings of Campaign B1 have already been the object of two articles (Mangiafico et al., 

2013a, in press).  

In this section, experimental results and statistical analysis relative to complex modulus 

tests are presented. 

4.2.1 Results 

A total of 16 mixtures (Table 2.5) were tested in Campaign B1. Two samples were tested 

for every material. Void content of each sample was measured before testing. Obtained values 

of norm of complex modulus (at 15°C, 10 Hz) and void content for every sample are reported 

in Table 4.23. |E*| values are rounded to closest ten. 
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Table 4.23 – Two-point bending complex modulus test results for mixtures of Campaign B1. 

 

4.2.2 Statistical analysis on the influence of mix design parameters on complex 

modulus of bituminous mixtures at 15°C, 10 Hz 

The statistical analysis of the fractional factorial design of Campaign B1 is based on the 

experimental design matrix shown in Table 2.4, where the two levels of each factor 
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Of VAriance (ANOVA). For each material, two replicates were used, for a total of 32 data 

points. Both complex modulus values obtained for each mixture were considered. 

The statistical significance of the variation of each factor was estimated, in order to 

assess whether and how mixture design parameters influence the behavior of bituminous 

mixtures. Because of the design matrix used to build the experimental plan, the defining 

relation given in Equation (2.1) allows estimating interactions between binder content and all 

of the other mix design parameters. 

In order to understand whether level changes are significant for the considered factors, 

experimental points were fitted with the following equation: 

   

 Y = b0 + ∑ biXi
i

+ b14X1X4 + b24X2X4 + b34X3X4 + b45X4X5 (4.11) 

   

where Y is the response parameter, b0 is a constant, Xi is any of the considered factors (i 

= 1, 2, …, 5), bi is the coefficient representing the linear effect of the i-th factor Xi and b14, 

b24, b34 and b45 are the coefficients representing the four estimable interaction effects. 

Table 4.24 shows ANOVA results and regression coefficients for complex modulus data. 

The significance of factors and interactions is evaluated by using the t-statistic value t.exp. 

and the resulting p-values, reported in the last column. 

Estimated coefficients are also plotted in the histogram in Figure 4.55a. Coefficients 

estimated to be significant by the software are plotted in orange, otherwise in blue. Dashed 

lines correspond to 95% confidence levels. Figure 4.55b shows a histogram of average 

complex modulus values of all mixtures corresponding to either one of the two levels of each 

factor. The purpose of this histogram is to give an immediate representation of the main 

effects of the one-at-a-time variation of the five considered factors on complex modulus. 
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Table 4.24 – Statistical analysis of experimental results for complex modulus of mixtures of 

Campaign B1: (a, top) model fitting statistics; (b, middle) ANOVA results; (c, bottom) model 

fitting coefficients of Equation (4.11). 

a)   

b)  

c)  

Standard deviation of response 295.0

R2 0.929

Degrees of freedom 16

Variation 

source

Sum of 

squares

Degrees of 

freedom

Average 

square
Ratio p-value

Regression 1.14E+08 9 1.27E+07 146 < 0.01 ***

Residuals 8.76E+06 22 3.98E+05

Validity 7.37E+06 6 1.23E+06 14.1 < 0.01 ***

Error 1.39E+06 16 8.70E+04

Total 1.23E+08 31

 Coefficient  Value St. deviation     t.exp.    p-value

b0 11648.6 52.1 223.34 < 0.01 ***

b1 114.1 52.1 2.19 4.39 *

b2 232.8 52.1 4.46 0.04 ***

b3 -316.6 52.1 -6.07 < 0.01 ***

b4 -1495.9 52.1 -28.69 < 0.01 ***

b5 -1056.6 52.1 -20.26 < 0.01 ***

b14 84.1 52.1 1.61 12.7

b24 -48.4 52.1 -0.93 36.7

b34 50.9 52.1 0.98 34.3

b45 189.7 52.1 3.64 0.22 **
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a)  

b)  

Figure 4.55 – Statistical analysis of experimental results for complex modulus of mixtures of 

Campaign B1: (a, top) model fitting coefficients of Equation (4.11); (b, bottom) complex 

modulus variations with factor levels. 

The results of the statistical analysis show that all considered mix design parameters 

(coefficients from b1 to b5) have a significant influence on complex modulus of mixtures. In 

addition, the interaction between binder content and binder nature (coefficient b45) appears to 

be significant. For this reason, main effects of these two factors (coefficients b4 and b5) cannot 
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be considered separately. Figure 4.56 shows histograms representing average complex 

modulus values of all mixtures corresponding to the four possible combinations of the two 

levels of these two factors. 

a)  

b)  

Figure 4.56 – Statistical analysis of experimental results for complex modulus of mixtures of 

Campaign B1: binder content–binder nature interaction effect. 

Regarding aggregate nature (coefficient b1), grading curve type (coefficient b2) and filler 

nature (coefficient b3), it can be noticed that using basalt aggregates, gap-graded curve and 

limestone filler (instead of, respectively, limestone aggregates, continuous curve and hydrated 

lime filler) helps increasing complex modulus of mixtures. Observations about grading curve 

and filler nature are particularly relevant. In fact, the improvements due to the adoption of a 

gap-graded curve over a continuous curve are documented in literature (Olard, 2012). 

However, according to both common practice and literature (Bari & Witczak, 2005), a 

complex modulus increase should be observed when hydrated lime filler is used. Results 
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obtained in this study show an opposite tendency. In a previous study (Mangiafico et al., 

2013a), filler nature showed the same negative influence from a first visual evaluation, 

although it was not found to be statistically significant. However, in the cited study, the 

experimental plan was more restricted (the influence of grading curve was not studied) and 

only the average values of test replicates were considered. 

As it can be observed from histograms in Figure 4.56, although, as already stated, both 

binder nature and binder content effects are important, their influence cannot be evaluated 

separately. In fact, complex modulus reduction due to binder content increase depends on 

binder nature. Similarly, complex modulus variation due to binder nature difference is 

dissimilar according to binder content. 

As explained in Section 2.2.4, the same compaction energy was applied to produce all 

materials. This explains the void content variability of tested materials. It was impossible to 

use void content as a factor in our statistical analysis, since the experimental design is based 

on two-level factors and void content could not be reduced to only two values. For this 

reason, in order to verify whether void content variability influenced conclusions of the 

statistical analysis, void content values of all samples were used as a response (Y values in 

Equation (4.11)), similarly to complex modulus (|E*|). If any factor resulted statistically 

significant for void content, non-negligible air void differences would exist between test 

samples used to estimate the influence of that factor. Therefore it would not be possible to 

distinguish its effect from void content influence. Table 4.25 and Figure 4.57 show results of 

statistical analysis on void content of samples used for complex modulus tests. 

It can be noticed that non-negligible void content differences were obtained for all 

considered effects, with the exception of aggregate and filler nature. Considering sample 

preparation details, these differences do not invalidate conclusions of statistical analysis, since 

they reflect tendencies of different materials used for the study. As an example, it is an 

expected result that mixtures with a gap-graded curve have a lower void content than mixtures 

with a continuous curve, if the same compaction effort is used. Different conclusions could be 

obtained if void content is controlled, by varying compaction energy for different materials. 
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Table 4.25 – Statistical analysis of void content variations of samples used for complex 

modulus tests for mixtures of Campaign B1: (a, top) model fitting statistics; (b, middle) 

ANOVA results; (c, bottom) model fitting coefficients of Equation (4.11). 

a)  

b)  

c)  

Standard deviation of response 0.20

R2 0.848

Degrees of freedom 16

Variation 

source

Sum of 

squares

Degrees of 

freedom

Average 

square
Ratio p-value

Regression 54.45 9 6.05 150 < 0.01 ***

Residuals 9.80 22 0.45

Validity 9.15 6 1.53 37.8 < 0.01 ***

Error 0.65 16 0.04

Total 64.24 31

 Coefficient  Value St. deviation     t.exp.    p-value

b0 3.73 0.04 105 < 0.01 ***

b1 -0.02 0.04 -0.62 54.6

b2 -1.12 0.04 -31.4 < 0.01 ***

b3 -0.03 0.04 -0.97 34.7

b4 -0.42 0.04 -11.9 < 0.01 ***

b5 -0.23 0.04 -6.43 < 0.01 ***

b14 -0.17 0.04 -4.84 0.02 **

b24 -0.4 0.04 -11.4 < 0.01 ***

b34 0.12 0.04 3.26 0.49 **

b45 -0.14 0.04 -3.96 0.11 **
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a)  

b)  

Figure 4.57 – Statistical analysis of void content variations of samples used for complex 

modulus test for mixtures of Campaign B1: (a, top) model fitting coefficients of Equation 

(4.11); (b, bottom) void content variations with factor levels. 

4.3 Campaign B2 

The objective of Campaign B2 is to further investigate the influence of bitumen nature on 

mechanical performances of bituminous mixtures produced with RAP material. 
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Eight different mixtures, produced with different modified and unmodified bitumens, 

were tested in two-point bending configuration. All mixtures contain 20% of RAP material. 

For every mixture, the corresponding bitumen blend between RAP and base binders was 

reproduced and tested. Base bitumens (without RAP) were also tested, for a total of 16 

bitumens. DSR complex modulus tests were performed on bitumens. 

In this section, complex modulus test results are presented. 

4.3.1 Results 

A total of 16 bitumens and 8 mixtures were tested in Campaign B2. Two samples were 

tested for every mixture. Void content of each sample was measured before testing. 

Obtained values of norm of complex modulus |E*| (at 15°C, 10 Hz) of bitumens are 

reported in Table 4.26. Data obtained with DSR tests at this temperature are not affected by 

the observed errors due to the limitation of the instrument. Table 4.27 lists values of norm of 

complex modulus |E*| (at 15°C, 10 Hz) and void content for every mixture sample, together 

with average values for every mixture. |E*| values of mixtures are rounded to closest ten. 

Table 4.26 – DSR complex modulus test results for bitumens of Campaign B2. 

 

10/20 B 234

10/20 B + 20% RAP 191

35/50 64

35/50 + 20% RAP 84

35/50 + 2.5% SBS 65

35/50 + 2.5% SBS + 20% RAP 114

35/50 + 4.5% SBS 130

35/50 + 4.5% SBS + 20% RAP -

35/50 + 2% PPA -

35/50 + 2% PPA + 20% RAP -

35/50 B 53

35/50 B + 20% RAP 67

35/50 B + 2.5% SBS 78

35/50 B + 2.5% SBS + 20% RAP -

Orthoprène® 51

Orthoprène® + 20% RAP -

bitumen |E
*
| (15°C, 10 Hz)  

[MPa]
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Table 4.27 – Two-point bending complex modulus test results for mixtures of Campaign B2. 

 

4.3.2 Comparison between complex modulus at 15°C, 10 Hz of different bituminous 

binders and corresponding bituminous mixtures 

Measured values of norm of complex modulus for bitumens and mixtures (average 

values) of Campaign B2 are shown in histogram form in Figure 4.58a. Average void content 

of samples used for complex modulus test for each mixture are reported in Figure 4.58b. 

Based on obtained results, three main observations can be made: 

 bitumen blends containing 20% of RAP material have a higher complex modulus 

than corresponding base binders (except for blends produced with base bitumen 

10/20B); 

 complex modulus of mixtures shows important variations according to different base 

binders used; nevertheless, it does not appear to be directly proportional to complex 

modulus of corresponding base bitumens or bitumen blends; 

 the two mixtures containing 2.5% SBS show an unexpected higher complex modulus 

than mixtures produced with an unmodified bitumen. 

Similarly to what done in Section 4.1.2.4, values of norm of complex modulus of 

mixtures were corrected according to measured void content of samples, using Equation 

(4.10). Target void content was chosen equal to 4.5%. Binder content (by weight of aggregate 

and RAP material) was equal to 5.59%. Corrected value are presented in Table 4.28 and 

Figure 4.59. 

14420 4.8%
14850 4.7%
11010 5.1%
11480 5.2%
12730 3.7%
12980 4.1%
11360 3.0%
11430 2.9%
12360 3.4%
12970 3.2%
8820 5.9%
8980 5.3%
8590 5.3%
9510 5.2%
5910 4.1%
6100 5.0%

4.6%
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5.2%

3.9%
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B2.20.35-50

B2.20.35-50+2.5%SBS

void content 

[%]

void content 

[%]
|E*| @ 15°C, 10 Hz 

[MPa]

|E*| @ 15°C, 10 Hz 

[MPa]

mixture

samples average
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11390 3.0%

3.3%12670
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a)  

b)  

Figure 4.58 – Complex modulus test results for bitumens and mixtures of Campaign B2: (a, 

top) values of norm of complex modulus |E*| (at 15°C, 10 Hz); (b, bottom) average void 

content of mixture samples used for complex modulus tests. 
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Table 4.28 – Two-point bending complex modulus test results for mixtures of Campaign B2: 

corrected |E*| (15°C, 10 Hz) values for a 4.5% void content. 

 

 

Figure 4.59 – Two-point bending complex modulus test results for mixtures of Campaign B2: 

corrected |E*| (15°C, 10 Hz) values for a 4.5% void content. 
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As already mentioned, the correction equation was developed for a specific mixture, 

therefore obtained values are purely indicative. However, estimated complex modulus values 

at the same void content do not show the discrepancy regarding mixtures produced with 2.5% 

SBS. 

Values obtained for corresponding bitumens and mixtures are plotted against each other 

in Figure 4.60. In particular, Figure 4.60a shows data points relative to all tested mixtures and 

corresponding base bitumens. Instead, Figure 4.60b reports only values of mixtures 

corresponding to the four tested binder blends, plotted against values obtained for both base 

bitumens and binder blends. Similar plots were prepared by using corrected values of norm of 

complex modulus for mixtures (Figure 4.61). 
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a)  

b)  

Figure 4.60 – Norm of complex modulus of mixtures of Campaign B2 against values obtained 

for both corresponding binders, at 15°C, 10 Hz: (a, top) all tested mixtures and base bitumens 

are considered; (b, bottom) mixtures corresponding to tested binder blends are plotted 

against both base bitumens and binder blends. 
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a)  

b)  

Figure 4.61 – Corrected values of norm of complex modulus of mixtures of Campaign B2 

against values obtained for both corresponding binders, at 15°C, 10 Hz: (a, top) all tested 

mixtures and base bitumens are considered; (b, bottom) mixtures corresponding to tested 

binder blends are plotted against both base bitumens and binder blends. 

No direct relationship can be observed between complex moduli of mixtures and 

corresponding binders. Although relatively acceptable R2 values are found when mixtures are 
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match, thus supporting the observation about the lack of direct correspondence between 

corresponding materials. 

Further investigation should be carried out on this point. Moreover, the adequacy of 

punctual measurements (at specific temperatures and frequencies) to characterize LVE 

properties of bituminous materials for design purposes should be considered. 

Table 4.29  – Ranking of bitumens and mixtures of Campaign B2 according to complex 

modulus values: (a, top left) base bitumens; (b, top right) bitumen blends (20% RAP binder); 

(c, bottom left) mixtures (20% RAP material); (d, bottom right) mixtures (20% RAP material, 

complex modulus values corrected for a 4.5% void content). 

a)    b)  

c)    d)  

base bitumen
|E*| (15°C, 10 Hz)          

[MPa]

10/20 B 234

35/50 + 4.5% SBS 130

35/50 B + 2.5% SBS 78

35/50 + 2.5% SBS 65

35/50 64

35/50 B 53

Orthoprène® 51

35/50 + 2% PPA -

bitumen blend               

(20% RAP binder)
|E*| (15°C, 10 Hz) 

[MPa]

10/20 B 191

35/50 + 2.5% SBS 114

35/50 84

35/50 B 67

35/50 + 4.5% SBS -

35/50 + 2% PPA -

35/50 B + 2.5% SBS -

Orthoprène® -

mixture                        

(20% RAP material)
|E*| (15°C, 10 Hz) 

[MPa]

B2.20.10-20B 14630

B2.20.35-50+2.5%SBS 12860

B2.20.35-50+2%PPA 12670

B2.20.35-50+4.5%SBS 11390

B2.20.35-50 11240

B2.20.35-50B+2.5%SBS 9050

B2.20.35-50B 8900

B2.20.Orthoprène 6010

mixture                        

(20% RAP material)

|E*
corr| (15°C, 10 Hz) 

[MPa]

B2.20.10-20B 15010

B2.20.35-50 12220

B2.20.35-50+2.5%SBS 11960

B2.20.35-50+2%PPA 10870

B2.20.35-50B 10540

B2.20.35-50B+2.5%SBS 10170

B2.20.35-50+4.5%SBS 9080

B2.20.Orthoprène 6080
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5 Fatigue of bituminous materials:  

test results and analysis 

5.1 Campaign A 

This section presents findings relative to the influence of RAP on fatigue resistance of 

bituminous materials. 

As in Section 4.1.2, the effects of RAP material content and base binder penetration are 

investigated using a response surface methodology to analyze two-point bending test results. 

Fatigue performances of selected mixtures were compared to data obtained on corresponding 

bitumens by means of DSR tests. 

The effects of the addition of recycling agent are also presented and discussed. 

A total of 21 mixtures and 7 binders were tested. 

Some of the experimental results and conclusions of this section have already been 

presented in several publications (Mangiafico et al., 2012a, 2013a, in press). With respect to 

these articles, the regression model used to fit two-point bending test results has been further 

refined. 

5.1.1 Bitumens 

5.1.1.1 Results 

Fatigue resistance of bitumens was characterized using DSR tests, as described in 

Section 3.1.1.2. However, some discrepancies were observed in experimental results. In fact, 

for some samples, complex modulus during fatigue tests showed oscillations and unexpected 

increases (Figure 5.1). These problems were encountered for tests performed on the Kinexus 

Pro® DSR. Further investigation is ongoing on this point. 
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a)  

b)  

Figure 5.1 – Example of DSR fatigue test (10°C, 25 Hz) data obtained for: (a, top) bitumen 

15/25 (0.7% strain amplitude); (b, bottom) bitumen 70/100 (0.7% strain amplitude). 

Experimental problems found with DSR fatigue tests limited the possibility of advanced 

analyses. The only criterion used to determine fatigue life of bitumen samples was the 50% 

complex modulus reduction. Based on obtained fatigue life data, parameters γ6 and 1/b (at 

10°C, 25 Hz) were estimated. Wöhler curves obtained for bitumens of Campaign A are shown 

in Figure 5.2. Curves of each material with fatigue life data points are shown in Appendix B1. 

Table 5.1 presents values of parameters γ6 and 1/b (together with R2 coefficients). 
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a)  

b)  

c)  

Figure 5.2 – Wöhler curves obtained for bitumens of Campaign A from DSR fatigue tests 

(10°C, 25 Hz). 
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Table 5.1 – DSR fatigue test (10°C, 25 Hz) results for bitumens of Campaign A. 

 

5.1.1.2 Influence of RAP binder content and penetration grade of base binder on fatigue 

resistance of bitumen blends 

For all bitumen blends produced with the same base binder, fatigue parameters γ6 and 1/b 

have been normalized with respect to values obtained for the base binder (γ6 0% and 1/b0%). 

Data of RAP binder were normalized with respect to values of bitumens 15/25, 35/50 and 

70/100. Experimental and normalized values of parameters γ6 and 1/b for bitumens of 

Campaign A are reported in Table 5.2 and plotted, respectively, in Figure 5.3 and Figure 5.4. 

Although RAP binder has a lower γ6 than base bitumens, bitumens 35/50 + 40% RAP 

and 70/100 + 40% RAP show higher γ6 values than corresponding base binders. On the 

contrary, bitumen 15/25 + 40% RAP did not show the same tendency. Parameter 1/b appears 

to follow a similar trend of parameter γ6. 

15/25

15/25 + 40% RAP

35/50

35/50 + 40% RAP

70/100

70/100 + 40% RAP

RAP binder

0.75 -5.34 0.958

bitumen
γ6 (10°C, 25 Hz) 

[%]

1/b (10°C, 25 Hz)     

[-]
R

2                       

[-]

0.62 -3.27 0.968

0.51 -5.19 0.912

0.79 -2.94 0.980

0.69 -7.83 0.875

0.42 -4.70 0.918

0.97 -6.53 0.913
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Table 5.2 – Experimental (a, top) and normalized (b, bottom) values of fatigue resistance 

parameters γ6 and 1/b for bitumens of Campaign A (DSR tests at 10°C, 25 Hz). 

a)  

b)  

bitumen

γ6                       

(10°C, 25 Hz)          

[%]

γ6/γ6 0%                      

(10°C, 25 Hz)          

[-]

15/25 0.75 1.00

15/25 + 20% RAP - -

15/25 + 40% RAP 0.51 0.68

15/25 + 60% RAP - -

RAP binder 0.42 0.56

35/50 0.62 1.00

35/50 + 20% RAP - -

35/50 + 40% RAP 0.69 1.11

35/50 + 60% RAP - -

RAP binder 0.42 0.68

70/100 0.79 1.00

70/100 + 20% RAP - -

70/100 + 40% RAP 0.97 1.23

70/100 + 60% RAP - -

RAP binder 0.42 0.53

normalized to 

15/25

normalized to 

35/50

normalized to 

70/100

bitumen

1/b                       

(10°C, 25 Hz)          

[-]

1/b / 1/b0%                     

(10°C, 25 Hz)          

[-]

15/25 -5.34 1.00

15/25 + 20% RAP - -

15/25 + 40% RAP -5.19 0.97

15/25 + 60% RAP - -

RAP binder -4.70 0.88

35/50 -3.27 1.00

35/50 + 20% RAP - -

35/50 + 40% RAP -7.83 2.39

35/50 + 60% RAP - -

RAP binder -4.70 1.44

70/100 -2.94 1.00

70/100 + 20% RAP - -

70/100 + 40% RAP -6.53 2.22

70/100 + 60% RAP - -

RAP binder -4.70 1.60

normalized to 

15/25

normalized to 

35/50

normalized to 

70/100
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a)  

b)  

Figure 5.3 – DSR fatigue test (10°C, 25 Hz) results for bitumens of Campaign A: (a, top) γ6 

values; (b, bottom) 1/b values. 
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a)  

b)  

Figure 5.4 – DSR fatigue test results for bitumens of Campaign A: (a, top) normalized γ6 

values at 10°C, 25 Hz; (b, bottom) normalized 1/b values at 10°C, 25 Hz. Values are 

normalized with respect to values of base bitumens. 

5.1.2 Mixtures 

5.1.2.1 Results 

As explained in Section 3.2.1.2, two-point bending fatigue tests performed on mixtures 

of Campaign A. 18 samples were tested for every mixture, at different strain amplitude levels. 

Tests on mixtures A.40.15-25 and A.60.15-25 were repeated on a second set of samples. Void 

content of each sample was measured before testing. Wöhler curves obtained for mixtures of 

Campaign A are shown in Figure 5.5. Curves of each material with fatigue life data points are 

shown in Appendix B2. Test results are reported in Table 5.4. For every mixture, fatigue 

resistance parameters ε6 and 1/b (at 10°C, 25 Hz), uncertainty parameter Δε6 and average void 

content of the set of samples used are listed. For mixtures A.40.15-25 and A.60.15-25, data of 

the two performed fatigue tests, together with average values, are shown. 
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a)  

b)  

c)  

Figure 5.5 – Wöhler curves obtained for mixtures of Campaign A from two-point bending 

fatigue tests (10°C, 25 Hz). For mixtures A.40.15-25 and A.60.15-25, curves were plotted by 

using average values of parameters ε6 and 1/b, obtained from tests on two sets of samples. 
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Table 5.3 – Two-point bending fatigue test (10°C, 25 Hz) results for mixtures of Campaign A. 

Tests on mixtures A.40.15-25 and A.60.15-25 were repeated on a second set of samples: 

results obtained for each set of samples and average values are reported. 

 

Six samples were tested in tension-compression mode for selected mixtures (Section 

3.2.2.2) at different strain amplitude levels (except for mixture A.0.70-100, for which five 

samples were tested). Fatigue life of every sample was determined equal to number of cycles 

to failure in case of sudden fracture. On the contrary, if the sample showed a progressive 

deterioration of material properties (norm of complex modulus and phase angle), the 

transition between phases II and III was considered (Section 1.5.3). In this case, in order to 

determine fatigue life, the following criteria were used: 

 DER (Section 1.5.3.2); 

 phase angle peak (Section 1.5.3.3); 

A.0.15-25

A.20.15-25

A.20.15-25.agent

121 -4.35 14 3.4%

124 -9.44 7 2.7%

A.40.15-25.agent

138 -11.76 4 3.7%

142 -7.04 3 3.2%

A.60.15-25.agent

A.0.35-50

A.20.35-50

A.20.35-50.agent

A.40.35-50

A.40.35-50.agent

A.60.35-50

A.60.35-50.agent

A.0.70-100

A.20.70-100

A.40.70-100

A.60.70-100

A.60.70-100.agent

A.60.70-100.perfect

A.100.RAP

3.5%

2.4%

2.7%

-4.50

-5.56

-5.78

-6.94

-7.57

-4.56

3.5%

3.2%

5

8

5

6

2.9%

ε6 (10°C, 25 Hz) 

[µm/m]

Δε6                       

[µm/m]

1/b (10°C, 25 Hz)     

[-]

void content        

[%]

6

7

4

4

7

-7.35

-7.69

-8.86

-8.84

-5.55

142

128

126

129

118

135

-5.35

130

127

5

4.0%

4.0%

4.6%

3.2%

3.1%

131

137

121

-5.49

-5.59

-9.44

-6.58

4.3%

5

6

5

6-6.88

123 11-6.90

2.7%

3.5%

4.3%

4

5

4

5

4

2.7%

3.5%

3.9%

3.0%

4140

-5.92

-6.62

117

mixture

129

128

A.40.15-25

A.60.15-25

135

147

141

132

140

4.4%

-9.40 3.5%
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Results of tension-compression fatigue tests on mixtures are not presented in detail in 

this section and are reported in Appendix B3. 

5.1.2.2 Influence of RAP content and penetration grade of fresh added binder on fatigue 

resistance of bituminous mixtures 

For this part of the study test results obtained for all mixtures of Campaign A produced 

without recycling agent are used. Mixture A.60.70-100.perfect was not considered as well. 

Similarly to what done for complex modulus (Section 4.1.2.3), for all mixtures produced 

with the same base binder, fatigue parameters ε6 and 1/b have been normalized with respect to 

values ε6 0% and 1/b0% obtained for the mixture without RAP material. Data of mixture 

A.100.RAP were normalized, in turn, with respect to values of mixtures A.0.15-25, A.0.35-50 

and A.0.70-100. Experimental and normalized values of parameters ε6 and 1/b for mixtures of 

Campaign A are reported in Table 5.4 and plotted, respectively, in Figure 5.6 and Figure 5.7 

(together with average void content of each set of samples). The EN 13108-1:2006 

requirement of 130 µm/m for ε6 of EME mixtures is shown. Error bars are shown for 

parameter ε6, based on estimated Δε6 values. The uncertainty Δ(ε6/ε6 0%) of ratio ε6/ε6 0% was 

calculated from values of Δε6 and Δε6 0%, as follows: 

   

 ∆ (
ε6

ε6 0%
) =

ε6

ε6 0%
(

∆ε6

ε6
+

∆ε6 0%

ε6 0%
) (5.1) 

   

Δε6 and Δ(ε6/ε6 0%) values are summarized in Table 5.4a. 

The same approach was used for fatigue test results on bitumens. Experimental and 

normalized values of parameters γ6 and 1/b are listed in Table 5.2 and plotted in histogram 

form, respectively, in Figure 5.3 and Figure 5.4. 
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Table 5.4 – Experimental (a, top) and normalized (b, bottom) values of fatigue resistance 

parameters ε6 and 1/b for mixtures of Campaign A (two-point bending tests). 

a)  

b)  

mixture

ε6                       

(10°C, 25 Hz)          

[µm/m]

Δε6                       

[µm/m]

ε6/ε6 0%                       

(10°C, 25 Hz)          

[-]

Δ(ε6/ε6 0%)                              

[-]

A.0.15-25 135 6 1.00 0.09

A.20.15-25 147 7 1.09 0.10

A.40.15-25 123 11 0.91 0.12

A.60.15-25 140 4 1.04 0.08

A.100.RAP 128 8 0.95 0.10

A.0.35-50 117 4 1.00 0.07

A.20.35-50 130 5 1.11 0.08

A.40.35-50 131 5 1.12 0.08

A.60.35-50 121 5 1.03 0.08

A.100.RAP 128 8 1.09 0.11

A.0.70-100 118 5 1.00 0.08

A.20.70-100 129 5 1.09 0.09

A.40.70-100 128 6 1.08 0.10

A.60.70-100 135 6 1.14 0.10

A.100.RAP 128 8 1.08 0.11

normalized to 

A.0.15-25

normalized to 

A.0.35-50

normalized to 

A.0.70-100

mixture

1/b                       

(10°C, 25 Hz)          

[-]

1/b / 1/b0%                       

(10°C, 25 Hz)          

[-]

A.0.15-25 -7.35 1.00

A.20.15-25 -7.69 1.05

A.40.15-25 -6.90 0.94

A.60.15-25 -9.40 1.28

A.100.RAP -4.70 0.64

A.0.35-50 -5.49 1.00

A.20.35-50 -5.92 1.08

A.40.35-50 -5.59 1.02

A.60.35-50 -6.58 1.20

A.100.RAP -4.70 0.86

A.0.70-100 -4.50 1.00

A.20.70-100 -5.56 1.24

A.40.70-100 -5.78 1.28

A.60.70-100 -6.94 1.54

A.100.RAP -4.70 1.04

normalized to 

A.0.15-25

normalized to 

A.0.35-50

normalized to 

A.0.70-100
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a)  

b)  

c)  

Figure 5.6 – Two-point bending fatigue test results for mixtures of Campaign A: (a, top) ε6 

values at 10°C, 25 Hz (130 µm/m is the minimum required ε6 value for EME mixtures 

according to EN 13108-1:2006); (b, middle) 1/b values at 10°C, 25 Hz; (c, bottom) measured 

void contents. 
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a)  

b)  

Figure 5.7 – Two-point bending fatigue test results for mixtures of Campaign A: (a, top) 

normalized ε6 values at 10°C, 25 Hz; (b, bottom) normalized 1/b values at 10°C, 25 Hz. 

Values are normalized with respect to values of mixtures without RAP. 

The addition of RAP material does not appear to deteriorate fatigue resistance. In fact, 

values of ε6 obtained for mixtures containing RAP are equal or higher than values of mixtures 

produced with the same base binder without RAP and mixture A.100.RAP (with the 

exception of mixtures A.40.15-25 and A.60.35-50). This observation confirms both field 

experience and some literature evidence (Tabaković et al., 2010). The same tendency is 

observed for parameter 1/b. Moreover, among the nine mixtures produced with RAP material 

(not including mixture A.100.RAP), five fulfill the requirements for EME materials. 

An unexpected ε6 tendency is observed  for mixtures produced with fresh binder 15/25. 

In particular, the mixture containing 40% of RAP material shows an oddly low value 

compared to mixtures with 20% and 60% of RAP. For this reason, fatigue measurements were 
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repeated on mixtures containing 40% and 60% RAP. A good repeatability is observed for ε6, 

while 1/b values show a large variation. 

Values of ε6 and 1/b of mixtures were plotted against measured penetration of 

corresponding bitumen blends, in logarithmic scale, as shown in Figure 5.8. No correlation 

could be found. However, penetration of corresponding bitumen blends is influenced by both 

penetration of base binders and RAP material content. Plots in Figure 5.8, therefore, evaluate 

the influence of a combination of these two variables on fatigue parameters ε6 and 1/b. 

a)  

b)  

Figure 5.8 – Campaign A: ε6 and 1/b (15°C, 10 Hz) of mixtures against penetration values of 

corresponding bitumen blends. 
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Similarly to what done for complex modulus test results, a statistical analysis was 

performed, using a surface response approach, in order to investigate the possible dependence 

of fatigue parameters ε6 and 1/b of mixtures on penetration of base binders and RAP material 

content, without necessarily taking into account penetration of corresponding bitumen blends. 

As already explained in Section 4.1.2.3 for complex modulus, a 3141 full factorial design 

was considered, with RAP content as a four-level factor (0%, 20%, 40% and 60%) and base 

binder penetration as a three-level factor (16, 34 and 73). Monitored responses were 

parameters ε6 and 1/b (10°C, 25 Hz). Factors were normalized into two variables varying 

from -1 to +1. Table 5.5 reports the resulting experimental plan, with normalized factors and 

monitored response values. 

Table 5.5 – Experimental plan of surface response analysis for mixtures of Campaign A: X1 is 

the normalized penetration of base binders and X2 is the normalized RAP content. 

 

Initially, the attempt to fit a second order polynomial regression model (similar to the one 

used for complex modulus) for fatigue parameter ε6 did not provide satisfactory results. 

Because of the limited amount of experimental runs available, only one additional third order 

coefficient could be introduced in the fitting model. Different attempts were carried out and 

the best results were obtained with the model shown in Equation (5.2): 

   

 Y = b0 + b1X1 + b2X2 + b11X1
2 + b22X2

2 + b12X1X2 + b222X2
3 (5.2) 

   

where b222 is the coefficient representing the cubic effect of X2. 

Table 5.6 reports the results of the statistical analysis for the fatigue parameter ε6, relative 

to normalized factors X1 and X2. A tridimensional plot with data points and model surface is 

mixture
base binder pen 

[dmm]

RAP content 

[%]
X1 X2

ε6 (10°C, 25 Hz) 

[µm/m]

1/b (10°C, 25 Hz) 

[-]

A.0.15-25 16 0 -1.00000 -1.00000 135 -7.35

A.20.15-25 16 20 -1.00000 -0.34386 147 -7.69

A.40.15-25 16 40 -1.00000 0.32632 123 -6.90

A.60.15-25 16 60 -1.00000 1.00000 140 -9.40

A.0.35-50 34 0 -0.36842 -1.00000 117 -5.49

A.20.35-50 34 20 -0.36842 -0.34386 130 -5.92

A.40.35-50 34 40 -0.36842 0.32632 131 -5.59

A.60.35-50 34 60 -0.36842 1.00000 121 -6.58

A.0.70-100 73 0 1.00000 -1.00000 118 -4.50

A.20.70-100 73 20 1.00000 -0.34386 129 -5.56

A.40.70-100 73 40 1.00000 0.32632 128 -5.78

A.60.70-100 73 60 1.00000 1.00000 135 -6.94
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shown in Figure 5.9 (European Standard EN 13108-1:2006 130 µm/m specification 

requirement for EME mixtures is shown), while level curves are shown in Figure 5.10. 

Table 5.6 – Statistical analysis of experimental results for fatigue parameter ε6 of mixtures of 

Campaign A: (a, top) model fitting statistics; (b, bottom) model coefficients of Equation (5.2). 

a)  

b)  

 

Figure 5.9 – Statistical analysis of experimental results for fatigue parameter ε6 of mixtures 

of Campaign A: experimental data and model surface plot. 130 µm/m is the minimum 

required ε6 value for EME mixtures according to EN 13108-1:2006. 

Standard deviation of response 7.2

R2 0.707

Degrees of freedom 5

 Coefficient  Value St. deviation     t.exp.    p-value

b0    124.0 5.0 24.58 < 0.01 ***

b1      -4.4 2.5 -1.71 14.8

b2      -13.5 9.9 -1.37 22.9

b11     10.1 5.2 1.94 11

b22     -4.1 4.7 -0.87 42.6

b12     4.4 3.3 1.31 24.8

b222     18.4 10.4 1.77 13.7

130 µm/m
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Figure 5.10 – Statistical analysis of experimental results for fatigue parameter ε6 of mixtures 

of Campaign A: surface level curves. 130 µm/m is the minimum required ε6 value for EME 

mixtures according to EN 13108-1:2006. 

None of the model coefficients of Table 5.6 (except for the constant term b0, not related to 

any of the factors) shows a sufficient significance level. However, the model surface in Figure 

5.9 appears to sufficiently follow experimental points (although the 0.707 R2 is relatively 

low), except for mixtures produced with 15/25 fresh binder. However, as highlighted before, 

repetitions of tests on mixtures containing 40% and 60% yielded close 6 values, therefore the 

validity of these two experimental points appears to be confirmed. 

Complete 6 (in µm/m) model equation with coefficients referring to non-normalized 

factors is: 

   

 
ε6 = 153.5 − 1.42 pen + 1.43 RAP + 1.24 ∙ 10−2 pen2 − 6.59 ∙ 10−2 RAP2 + 

         + 5.15 ∙ 10−3 pen RAP + 6.81 ∙ 104RAP3 
(5.3) 

   

The statistical analysis for fatigue parameter 1/b was performed by using a second order 

regression model similar to the one used for complex modulus: 

   

 Y = b0 + b1X1 + b2X2 + b11X1
2 + b22X2

2 + b12X1X2 (5.4) 

   

Results, relative to normalized factors, are listed in Table 5.7. Figure 5.11 shows the 

tridimensional plot with experimental data points and the fitted model surface. Level curves 

are shown in Figure 5.12. 
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Table 5.7 – Statistical analysis of experimental results for fatigue parameter 1/b of mixtures 

of Campaign A: (a, top) model fitting statistics; (b, bottom) model coefficients of Equation 

(5.4). 

a)  

b)  

 

Figure 5.11 – Statistical analysis of experimental results for fatigue parameter 1/b of mixtures 

of Campaign A: experimental data and model surface plot. 

Standard deviation of response 0.611

R2 0.879

Degrees of freedom 6

 Coefficient  Value St. deviation     t.exp.    p-value

b0    -5.012 0.428 -11.71 < 0.01 ***

b1      1.069 0.216 4.95 0.258 **

b2      -0.818 0.239 -3.42 1.41 *

b11     -1.463 0.443 -3.31 1.63 *

b22     -0.528 0.397 -1.33 23.2

b12     -0.217 0.283 -0.76 47.3
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Figure 5.12 – Statistical analysis of experimental results for fatigue parameter 1/b of mixtures 

of Campaign A: surface level curves. 

The statistical analysis reveals that most of the model coefficients in Table 5.7 are 

significant. The model surface plot satisfactorily fits the experimental points as shown in 

Figure 5.11 (model R2 is equal to 0.879). Moreover, it can be observed that 1/b level curves 

on the horizontal plane approximately appear to be increasingly parallel to RAP material 

content axis for decreasing fresh binder penetration values. A possible interpretation for this 

observation is that when penetration values of fresh and RAP binder are similar, the slope of 

the Wöhler curve of the mixtures is barely influenced by the amount of RAP material added. 

Complete 1/b model equation with coefficients referring to non-normalized factors is: 

   

 
1 b⁄ = −10.30 + 0.205 pen + 1.92 ∙ 10−2 RAP − 1.80 ∙ 10−3 pen2 + 

            − 5.87 ∙ 10−4RAP2 − 2.54 ∙ 10−4 pen RAP 
(5.5) 

   

Variations of parameters ε6 and 1/b obtained with two-point bending fatigue tests do not 

allow for clear interpretation of the evolution of fatigue resistance of mixtures produced with 

RAP material. The effect of the addition of RAP material varies depending on the base 

bitumen used for the mixture. In particular, mixtures produced with 35/50 and 70/100 show 

improved fatigue resistance when RAP material is included to the mixture. However, 

interpretation of experimental results obtained on mixtures produced with bitumen 15/25 and 

high recycling rates is challenging. 
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Parameters ε6 and 1/b do not show marked tendencies with RAP content and fresh binder 

penetration. These two variables, therefore, do not appear to capture the evolution of fatigue 

resistance of mixtures produced with RAP material. 

A non negligible conclusion of this part of the study is that mixtures containing up to 60% 

RAP can fulfill fatigue resistance requirements for EME mixtures if accurate mixture design 

is performed. 

5.1.2.3 Influence of recycling agent on fatigue resistance of bituminous mixtures produced 

with RAP material 

Test results obtained for all mixtures of Campaign A were used for the analysis presented 

in this section. 

Histograms in Figure 5.13 and Figure 5.14 show, respectively, fatigue parameters ε6 and 

1/b at 10°C, 25 Hz (the 130 µm/m requirement for ε6 of EME mixtures is shown). Average 

void content measured on each set of samples used for fatigue tests on mixtures is shown in 

Figure 5.15. 

A similar approach to the one followed for complex modulus data was used. Values of 

parameters ε6 and 1/b were normalized with respect to values ε6 0% and 1/b0% obtained for the 

mixture produced with the same base binder without RAP. As an example, data relative to all 

mixtures produced with base bitumen 35/50 were normalized with respect to values obtained 

for mixture A.0.35-50. Data relative to mixture A.100.RAP were normalized to values of 

mixtures A.0.15-25, A.0.35-50 and A.0.70-100. Figure 5.16 and Figure 5.17 show, 

respectively, histograms of normalized ε6 and 1/b data for all mixtures. 

All mixtures containing at least 40% of RAP material, except for mixture A.60.15-25, 

show higher values of parameters ε6 and 1/b when the recycling agent is used. The different 

results observed for mixture A.60.15-25 need further investigation, also considering the 

discrepancies already observed in Section 5.1.2.2. 

In order to better visualize the effects of the addition of the recycling agent, for each 

mixture, ratios between fatigue parameters measured on the material with the recycling 

agent(ε6 with agent and 1/bwith agent)  and values obtained for mixtures without agent (ε6 w/o agent and 

1/bw/o agent)  were calculated and plotted in Figure 5.18. These graphs confirm that the 

recycling agent improves fatigue resistance of mixtures when a significant RAP content is 

included (equal or higher than 40%). 
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Figure 5.13 – Fatigue parameter ε6 values at 10°C, 25 Hz (two-point bending tests) for mixtures of Campaign A, with and without recycling 

agent (130 µm/m is the minimum required ε6 value for EME mixtures according to EN 13108-1:2006). 
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Figure 5.14 – Fatigue parameter 1/b values at 10°C, 25 Hz (two-point bending tests) for mixtures of Campaign A, with and without recycling 

agent. 

 

-10.00

-8.00

-6.00

-4.00

-2.00

0.00

1
/b

(1
0

°C
, 2

5
 H

z)
 [-

]

w/o agent

with agent
+

+

+ average value obtained on two sets of samples



 

LVE properties and fatigue of bituminous mixtures with RAP and corresponding binder blends 

 

215 

 

 

Figure 5.15 – Average void content of sets of samples used for two-point bending fatigue tests for mixtures of Campaign A, with and without 

recycling agent. 
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Figure 5.16 – Normalized parameter ε6 values at 10°C, 25 Hz (two-point bending tests) for mixtures of Campaign A, with and without 

recycling agent. 
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Figure 5.17 – Normalized parameter 1/b values at 10°C, 25 Hz (two-point bending tests) for mixtures of Campaign A, with and without 

recycling agent. 
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a)   

b)  

Figure 5.18– Ratios between fatigue parameter values of mixtures of Campaign A with and 

without recycling agent: (a, top) parameter ε6; (b, bottom) parameter 1/b. 
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a)  

b)  

c)  

Figure 5.19 – Two-point bending fatigue test results (10°C, 25 Hz) for mixtures A.60.70-100, 

A.60.70-100.agent and A.60.70-100.perfect: (a, top) parameter ε6, (b, middle) parameter 1/b; 

(c, bottom) average void content of sets of samples. 
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Small differences are observed between ε6 values of the thee materials, with mixture 

A.60.70-100 showing intermediate performances between the mixture produced with 

recycling agent (highest ε6 value) and the "total blend" mixture (lowest ε6 value). Parameter 

1/b shows a wider variation range. In particular, mixtures A.60.70-100.agent and A.60.70-

100.perfect appear to differ in terms of this fatigue parameter, thus partially confirming the 

observation made with respect to complex modulus. However, at this stage no conclusions 

can be drawn upon the degree of blending of 70/100 and RAP binders within the mixture 

based on parameter 1/b. 

5.1.3 Comparison between fatigue resistance of corresponding binders and mixtures 

The effects of RAP content on mixtures and bitumens were compared by monitoring the 

evolution with RAP content of normalized ε6, γ6, and 1/b calculated in Sections 5.1.1.2 and 

5.1.2.2. Values obtained for mixtures were plotted as a function of values of corresponding 

bitumen blends (Figure 5.20). Low R2 coefficients were found for linear regressions, 

indicating that the effects of the addition of RAP material on fatigue resistance of mixtures 

(evaluated with parameters ε6 and 1/b) cannot be directly inferred by monitoring the effect of 

RAP on corresponding bitumens. 
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a)  

b)  

Figure 5.20 – Campaign A: Mixture vs. bitumen normalized values of fatigue parameters at 

10°C, 25 Hz: (a, top) ε6 (for mixtures) and γ6 (for bitumens); (b, bottom) 1/b. 

5.2 Campaign B1 

In this section, the potential influence of selected mixture design variables (aggregate 

nature, filler nature, binder content and binder type) on fatigue resistance characteristics of 

mixtures produced with 20% of RAP material. A statistical analysis was performed on a 

fractional factorial experimental design, following the same procedure used for complex 

modulus test results (Section 4.2). 

Fatigue resistance was evaluated by means of two-point bending tests on trapezoidal 

samples. 

Obtained experimental results and conclusions of the performed analysis have already 

been published in two articles (Mangiafico et al., 2013a, in press). 

y = 0.0895x + 0.9495
R² = 0.1004

0.0

0.3

0.6

0.9

1.2

1.5

0.0 0.3 0.6 0.9 1.2 1.5

m
ix

tu
re

s:
   

   
   

   
   

   
   

   
   

 
ε 6

/ε
6

 0
%

(1
0

°C
, 2

5
 H

z)
 [

-]

bitumens:                                                        
γ6/γ6 0% (10°C, 25 Hz) [-]

base bitumen: 15/25

base bitumen: 35/50

base bitumen: 70/100

Linear regression

y = 0.1769x + 0.7299
R² = 0.3551

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5 2.0 2.5

m
ix

tu
re

s:
   

   
   

   
   

   
   

   
   

   
  

1
/b

 /
 1

/b
0

%
(1

0
°C

, 2
5

 H
z)

 [
-]

bitumens:                                                           
1/b / 1/b0% (10°C, 25 Hz) [-]

base bitumen: 15/25

base bitumen: 35/50

base bitumen: 70/100

Linear regression



 

Chapter 5 – Fatigue of bituminous mixtures: test results and analysis 

 

222 

 

5.2.1 Results 

For each of the 16 mixtures included in the experimental plan of Campaign B1, 12 

samples were tested. Parameters ε6 and 1/b, uncertainty Δε6 and average void content of each 

set of samples for all mixtures are reported in Table 5.8. Tests on mixtures B1.mix2, 

B1.mix12 and B1.mix13 were repeated on a second set of samples. For each of these 

mixtures, both replicates were considered for the statistical analysis. Average values of the 

results obtained in the two tests are also reported in Table 5.8. 

Table 5.8 – Two-point bending fatigue test results for mixtures of Campaign B1. 
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were parameters ε6 and 1/b at 10°C, 25 Hz. ANOVA analysis was performed to evaluate 

factor effects on responses. A total of 19 data points were considered. 

As already explained in Section 4.2.2, given the defining relation described in Equation 

(2.1), possible interactions between binder content and all of the other mix design parameters 

were estimated. 

The same regression model presented in Equation (4.11) was used to fit experimental 

results: 

   

 Y = b0 + ∑ biXi
i

+ b14X1X4 + b24X2X4 + b34X3X4 + b45X4X5 (5.6) 

   

where Y is the response parameter, b0 is a constant, Xi is any of the considered factors, bi is 

the coefficient representing the linear effect of the i-th factor Xi and b14, b24, b34 and b45 are 

the coefficients representing the four estimable interaction effects. 

Results of ANOVA and calculated model coefficients for ε6 data are reported in Table 

5.9. For each coefficient, the estimated p-value is shown. Histograms in Figure 5.21 show 

model coefficients and average ε6 values of mixtures corresponding to either one of the two 

levels of each factor. 
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Table 5.9 – Statistical analysis of experimental results for fatigue parameter ε6 of mixtures of 

Campaign B1: (a, top) model fitting statistics; (b, middle) ANOVA results; (c, bottom) model 

fitting coefficients of Equation (5.6). 

a)  

b)  

c)  

Standard deviation of response 7.1

R2 0.925

Degrees of freedom 9

Variation 

source

Sum of 

squares

Degrees of 

freedom

Average 

square
Ratio p-value

Regression 5.56E+03 9 6.17E+02 12.4 0.05 ***

Residuals 4.49E+02 9 4.99E+01

Validity 3.64E+02 6 6.07E+01 2.14 28.4

Error 8.50E+01 3 2.83E+01

Total 6.01E+03 18

 Coefficient  Value St. deviation     t.exp.    p-value

b0 125.9 1.7 75.59 < 0.01 ***

b1 4.1 1.7 2.45 3.69 *

b2 5.1 1.7 3.07 1.34 *

b3 -2.3 1.7 -1.39 19.8

b4 8.7 1.7 5.23 0.05 ***

b5 12.7 1.7 7.62 < 0.01 ***

b14 2.0 1.7 1.23 25.1

b24 0.3 1.7 0.21 84.0

b34 -2.3 1.7 -1.38 20.2

b45 4.9 1.7 2.95 1.62 *
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a)  

b)  

Figure 5.21 – Statistical analysis of experimental results for fatigue parameter ε6 of mixtures 

of Campaign B1: (a, top) model fitting coefficients of Equation (5.6); (b, bottom) ε6 variations 

with factor levels. 
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considered as equivalent. The improvement due to a gap-graded curve was already 

documented (Olard, 2012), while observations about filler nature are not in accordance with 

some scientific literature (Kim et al., 2003; Little & Petersen, 2005). 

As for complex modulus, binder nature (coefficient b4) and binder content (coefficient 

b5) are both significant, but their effects must be evaluated together, since the interaction of 

these two factors (coefficient b45) is non negligible. This interaction effect is shown in 

histograms of Figure 5.22.  

a)  

b)  

Figure 5.22 – Statistical analysis of experimental results for fatigue parameter ε6 of mixtures 

of Campaign B1: binder content–binder nature interaction effect. 
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improvement comparable to the one observed for mixtures containing 35/50 B binder. 

Correspondingly, mixtures at 5.35% binder content containing 35/50 B binder have a 

considerably higher 6 than mixtures produced with 35/50 binder. The difference in 6 is 

smaller at a binder content of 4.35%. 

ANOVA results and regression coefficients for fatigue parameter 1/b are reported in 

Table 5.10. Estimated fitting coefficient and factor level variations are shown in Figure 5.23. 

Table 5.10 – Statistical analysis of experimental results for fatigue parameter 1/b of mixtures 

of Campaign B1: (a, top) model fitting statistics; (b, middle) ANOVA results; (c, bottom) 

model fitting coefficients of Equation (5.6). 

a)  

b)  

c)  

Standard deviation of response 1.396

R2 0.663

Degrees of freedom 9

Variation 

source

Sum of 

squares

Degrees of 

freedom

Average 

square
Ratio p-value

Regression 34.57 9 3.84 1.97 16.3

Residuals 17.54 9 1.95

Validity 16.37 6 2.73 6.99 7.00

Error 1.17 3 0.39

Total 52.11 18

 Coefficient  Value St. deviation     t.exp.    p-value

b0 -6.684 0.329 -20.3 < 0.01 ***

b1 -0.313 0.327 -0.96 36.4

b2 -0.818 0.327 -2.50 3.37 *

b3 0.601 0.329 1.83 10.1

b4 0.214 0.329 0.65 53.2

b5 -0.392 0.329 -1.19 26.4

b14 0.219 0.327 0.67 51.9

b24 0.682 0.327 2.08 6.7

b34 -0.114 0.329 -0.35 73.8

b45 0.510 0.329 1.55 15.6
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a)  

b)  

Figure 5.23 – Statistical analysis of experimental results for fatigue parameter 1/b of mixtures 

of Campaign B1: (a, top) model fitting coefficients of Equation (5.6); (b, bottom) ε6 variations 

with factor levels. 
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Therefore, none of the considered factors can be considered as significant for fatigue 

parameter 1/b. This conclusion is confirmed by results obtained by Moutier (1991), showing 

that the variation of the slope of Wöhler curves of bituminous mixtures is negligible from a 

statistical point of view. 

As already explained, some variability can be observed for void content of tested 

materials, since the same compaction energy was used to produce mixtures. In order to verify 

whether this  could have an influence on measured fatigue properties, void content values 

were used as a response (Y values in Equation (5.6)). Factors eventually resulting statistically 

significant would indicate that non-negligible differences exists between samples used to 

estimate them. For these factors, their effects would be confounded with effects of void 

content, therefore they should be discarded from conclusions of the statistical analysis. 

Table 5.11 and Figure 5.24 show results of statistical analysis on void content of 

samples used for fatigue tests. Remarkable void content differences can be found only for 

grading curve and binder nature. These observations show that considered factors can 

influence mixture compactability. Considering procedures followed for mixture preparation, a 

lower void content for mixtures produced with a gap-graded grading curve and a higher 

bitumen content was expected. Different results could be obtained by controlling void content 

for mixture production. Thus, conclusions of the statistical analysis remain valid for the type 

of mixtures tested. 
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Table 5.11 – Statistical analysis of void content variations of samples used for fatigue tests for 

mixtures of Campaign B1: (a, top) model fitting statistics; (b, middle) ANOVA results; (c, 

bottom) model fitting coefficients of Equation (5.6). 

a)  

b)  

c)  

Standard deviation of response 0.88

R2 0.764

Degrees of freedom 9

Variation 

source

Sum of 

squares

Degrees of 

freedom

Average 

square
Ratio p-value

Regression 22.48 9 2.50 3 4.74 *

Residuals 6.94 9 0.77

Validity 6.20 6 1.03 4.2 13.2

Error 0.74 3 0.25

Total 29.42 18

 Coefficient  Value St. deviation     t.exp.    p-value

b0 3.75 0.21 18.11 < 0.01 ***

b1 0.01 0.21 0.04 97.2

b2 -0.97 0.21 -4.72 0.110 **

b3 -0.05 0.21 -0.24 81.2

b4 -0.38 0.21 -1.84 9.9

b5 -0.36 0.21 -1.75 11.5

b14 -0.14 0.21 -0.66 52.3

b24 -0.18 0.21 -0.85 41.5

b34 0.02 0.21 0.09 93.1

b45 -0.03 0.21 -0.15 88.4
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a)  

b)  

Figure 5.24 – Statistical analysis of void content variations of samples used for fatigue tests 

for mixtures of Campaign B1: (a, top) model fitting coefficients of Equation (5.6); (b, bottom) 

void content variations with factor levels. 
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Two-point bending fatigue tests were performed on eight different mixtures produced 

with several modified and unmodified bitumens and a 20% RAP material content. For every 

mixture, corresponding base binders were blended with RAP binder in the same proportions, 

thus preparing eight bitumen blends. DSR fatigue tests were carried out on the blends and 

base bitumens. Fatigue resistance parameters ε6 and 1/b of mixtures were compared with 

parameters γ6 and 1/b obtained on corresponding base binders and blends. 

5.3.1 Results 

A total of eight mixtures and 16 bitumens were tested. Void content of every sample used 

for mixture tests was measured. Parameters ε6 and 1/b obtained for mixtures are listed in 

Table 5.12. Parameters γ6 and 1/b obtained on corresponding base binders and bitumen blends 

are reported in Table 5.13. Wöhler curves and fatigue life data points obtained for all tested 

bitumens and mixtures of Campaign B2 are reported, respectively, in Appendix B4 and 

Appendix B5. 

Table 5.12 – DSR fatigues test results for bitumens of Campaign B2. 

 

10/20 B

10/20 B + 20% RAP

35/50

35/50 + 20% RAP

35/50 + 2.5% SBS

35/50 + 2.5% SBS + 20% RAP

35/50 + 4.5% SBS

35/50 + 4.5% SBS + 20% RAP

35/50 + 2% PPA

35/50 + 2% PPA + 20% RAP

35/50 B

35/50 B + 20% RAP

35/50 B + 2.5% SBS

35/50 B + 2.5% SBS + 20% RAP

Orthoprène®

Orthoprène® + 20% RAP

bitumen
γ6 (10°C, 25 Hz) 

[%]

1/b (10°C, 25 Hz)     

[-]
R

2                       

[-]

0.49 -4.98 0.968

0.62 -3.27 0.968

0.48 -4.41 0.898

- - -

0.98 -3.74 0.928

0.80 -4.26 0.943

1.71 -8.00 0.944

1.32 -5.70 0.885

1.01 -10.25 0.963

0.88 -6.09 0.929

1.33 -4.23 0.885

1.04 -3.96 0.947

3.44 -10.02 0.960

2.09 -10.78 0.940

5.16 -4.69 0.848

3.06 -3.30 0.944
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Table 5.13 – Two-point bending fatigue test results for mixtures of Campaign B2. 

 

5.3.2 Comparison between fatigue resistance of different bituminous binders and 

corresponding bituminous mixtures 

Histograms in Figure 5.25 show fatigue parameters obtained for mixtures (ε6 and 1/b) 

and bitumens (γ6 and 1/b). Error bars are shown for parameter ε6, based on Δε6 values of 

Table 5.13. Average void content values of each set of samples used for tests on mixtures are 

shown in Figure 5.26. 

Bitumen blends containing 20% RAP binder have lower γ6 values than corresponding 

base bitumens. On the contrary, the addition of RAP binder does not appear to have a specific 

effect on values of parameter 1/b of bitumen blends. As expected, SBS-modified bitumens 

have better performances than unmodified bitumens. 

Important differences are observed for fatigue parameters of bitumens and mixtures 

depending on binder nature. In particular, parameter ε6 of mixtures produced with SBS-

modified bitumens show higher values than mixtures produced with corresponding 

unmodified bitumens. However, the increase of SBS content between mixtures B2.20.35-

50+4.5%SBS and B2.20.35-50+2.5%SBS did not yield a significant improvement of ε6 

values. 

  

B2.20.10-20B

B2.20.35-50

B2.20.35-50+2.5%SBS

B2.20.35-50+4.5%SBS

B2.20.35-50+2%PPA

B2.20.35-50B

B2.20.35-50B+2.5%SBS

B2.20.Orthoprène

133 -5.07 5 4.5%

mixture
ε6 (10°C, 25 Hz) 

[µm/m]

1/b (10°C, 25 Hz)     

[-]

Δε6                       

[µm/m]

void content        

[%]

145 -7.80 4 3.8%

115 -5.94 4 5.1%

113 -5.35 4 3.7%

150 -7.08 6 3.6%

175 -8.06 7 4.9%

143 -8.22 5 5.8%

211 -11.28 6 3.9%
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a)  

b)  

Figure 5.25 – Fatigue test (at 10°C, 25 Hz) results for bitumens and mixtures of Campaign 

B2: (a, top) values of parameters γ6 (for bitumens) and ε6 (for mixtures); (b, bottom) values of 

parameter 1/b. 
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Figure 5.26 – Average void content of mixture samples used for complex modulus tests. 

Values of parameters ε6 and 1/b of mixtures (all containing 20% RAP) were plotted 

(Figure 5.27) against, respectively, values of γ6 and 1/b of corresponding bitumens (both 

without RAP binder and with 20% RAP binder). 

No correlation can be observed for values of parameter 1/b of mixtures and binders. 

Although, parameter ε6 of mixtures appears to correlate with values of γ6 of both base binders 

and bitumen blends (R2 equal to, respectively, 0.871 and 0.888). However, non negligible 

scatter is observed. Given the experimental problems encountered with DSR fatigue tests on 

bitumens, observations based on the two plots have an only indicative purpose. 
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a)  

b)  

Figure 5.27 – Fatigue parameters of mixtures of Campaign B2 against values obtained for 

both corresponding base bitumens and bitumen blends containing RAP binder: (a, top) 

parameters ε6 and γ6; (b, bottom) parameter 1/b. 

Table 5.14 and Table 5.15 show rankings of base bitumens, bitumen blends and mixtures 

according to, respectively, parameters ε6 and 1/b. 

As already observed in Figure 5.27, no correspondence can be observed between 

variations of 1/b parameters for bitumens and mixtures. Rankings of base bitumens, bitumen 

blends and mixtures are only slightly more similar. These results highlight the difficulty of 

characterizing fatigue resistance of bituminous materials according exclusively to parameters 

ε6 and 1/b obtained with common tests, such as DSR and two-point bending tests. 
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Table 5.14 – Ranking of bitumens and mixtures of Campaign B2 according to γ6 and ε6 

values: (a, top left) base bitumens; (b, top right) bitumen blends (20% RAP binder); (c, 

bottom) mixtures (20% RAP material) 

a)    b)  

c)  

 

 

 

base bitumen
γ6 (10°C, 25 Hz)                  

[%]

Orthoprène® 5.16

35/50 B + 2.5% SBS 3.44

35/50 + 4.5% SBS 1.71

35/50 B 1.33

35/50 + 2% PPA 1.01

35/50 + 2.5% SBS 0.98

35/50 0.62

10/20 B 0.48

bitumen blend       

(20% RAP binder)

γ6 (10°C, 25 Hz)                  

[%]

Orthoprène® 3.06

35/50 B + 2.5% SBS 2.09

35/50 + 4.5% SBS 1.32

35/50 B 1.04

35/50 + 2% PPA 0.88

35/50 + 2.5% SBS 0.80

10/20 B 0.49

35/50 -

mixture                            

(20% RAP material)

6 (10°C, 25 Hz)                   

[µm/m]

B2.20.Orthoprène 211

B2.20.35-50B+2.5%SBS 175

B2.20.35-50+4.5%SBS 150

B2.20.35-50+2.5%SBS 145

B2.20.35-50B 143

B2.20.10-20B 133

B2.20.35-50 115

B2.20.35-50+2%PPA 113
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Table 5.15 – Ranking of bitumens and mixtures of Campaign B2 according to 1/b values: (a, 

top left) base bitumens; (b, top right) bitumen blends (20% RAP binder); (c, bottom) mixtures 

(20% RAP material) 

a)    b)  

c)  

5.4 Biasing effects and irreversible damage occurring during fatigue 

tests on bituminous mixtures produced with different bituminous 

binders 

In this section, results of ALFABET tests (Section 3.2.2.3) are presented and discussed. 

The objective of this part of the study is the estimation of biasing effects occurring during 

laboratory fatigue tests on asphalt mixtures. If biasing effects are isolated, it is possible to 

evaluate effective variations of LVE properties due damage accumulation during repeated 

loading application.  

As already explained, ALFABET tests are composed of two parts. In the first part, 

Complex Modulus Tests (CMT) are performed from 8°C to 14°C (targeted temperatures) and 

from 50 µm/m to 110 µm/m, in order to evaluate |E*| and φ variations with temperature and 

strain amplitude, in undamaged conditions. Frequency is always fixed at 10 Hz. In the second 

part of the test (Partial Fatigue Tests, PFT), five fatigue lags of 100,000 cycle are performed 

at 10°C, by applying a 100 µm/m loading signal at 10 Hz. Between two consecutive lags, a 24 

hour rest period is imposed, during which short complex modulus measurements are 

base bitumen
1/b (10°C, 25 Hz)                   

[-]

35/50 + 2% PPA -10.25

35/50 B + 2.5% SBS -10.02

35/50 + 4.5% SBS -8.00

Orthoprène® -4.69

10/20 B -4.41

35/50 B -4.23

35/50 + 2.5% SBS -3.74

35/50 -3.27

bitumen blend       

(20% RAP binder)

1/b (10°C, 25 Hz)                   

[-]

35/50 B + 2.5% SBS -10.78

35/50 + 2% PPA -6.09

35/50 + 4.5% SBS -5.70

10/20 B -4.98

35/50 + 2.5% SBS -4.26

35/50 B -3.96

Orthoprène® -3.30

35/50 -

mixture                            

(20% RAP material)

1/b (10°C, 25 Hz)                   

[-]

B2.20.Orthoprène -11.28

B2.20.35-50B -8.22

B2.20.35-50B+2.5%SBS -8.06

B2.20.35-50+2.5%SBS -7.80

B2.20.35-50+4.5%SBS -7.08

B2.20.35-50 -5.94

B2.20.35-50+2%PPA -5.35

B2.20.10-20B -5.07
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performed at regular intervals, in order to monitor the recovery of |E*| and φ. If the material 

does not reach failure during PFTs, after the last recovery period is over a regular fatigue test 

is carried out, that is cyclic loading is repeated without interruptions until sample failure or 

until a 90% reduction of norm of complex modulus is observed. ALAFABET tests were 

performed on six mixtures. One sample was tested for each material, except for mixture 

A.20.35-50, for which two samples were tested. Table 5.16 lists samples used for each tested 

material and corresponding void contents. 

Table 5.16 – Samples used for ALFABET tests on mixtures of Campaign A. For each sample, 

void content is indicated. 

 

Figure 5.28 shows CMT results regarding norm of complex modulus and phase angle for 

mixture A.40.35-50. Results obtained for all tested mixtures are shown in Appendix B6.  

mixture sample void content [%]

A.0.35-50 A.0.35-50.L3 2.7%

A.20.35-50.R3 4.0%

A.20.35-50.R2 5.3%

A.40.35-50 A.40.35-50.R3 3.4%

B2.20.35-50+2.5%SBS B2.20.35-50+2.5%SBS.L3 5.4%

B2.20.35-50B B2.20.35-50B.C2 3.7%

B2.20.Orthoprène B2.20.Orthoprène.L2 4.0%

A.20.35-50
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a)  

b)  

Figure 5.28 – CMT (Complex Modulus Test) results for mixture A.40.35-50: data and non-

linearity envelopes (cycles 7-32) at different temperatures for (a, top) norm of complex 

modulus |E*| and (b, bottom) phase angle φ. 

As described in the Section 3.2.2.3, during the first part of all CMTs, strain level 

gradually increases to the imposed value. As it can be noticed, norm of complex modulus and 

phase angle follow a linear trend with strain level, depending on test temperature. Moreover, 

no real linear viscoelastic limit can be observed for strain levels as low as 30 µm/m. This 

observation is in contrast with literature findings (Airey et al., 2003). After the imposed strain 

level is reached, prolonged cyclic solicitation appears to cause LVE parameters to slightly 
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change. For this reason, only results obtained during cycles 7-32 of each CMT were fitted 

with linear regression equations, in order to obtain envelopes of norm of complex modulus 

and phase angle as functions of strain level. Therefore, non-linearity coefficients 

(corresponding to the variation of the desired LVE parameter with strain level) and 

extrapolated values at 0 µm/m can be obtained for every temperature for both norm of 

complex modulus |E*| and phase angle φ, as in, respectively, Equations (5.7) and (5.8): 

   

 |E∗| = pE ε0 + |E0
∗| (5.7) 

   

 φ = pφ ε0 + φ0 (5.8) 

   

where pE and pφ are, respectively, the non-linearity coefficients for norm of complex 

modulus and phase angle, |E*
0| and φ0 are, respectively, virtual 0µm/m values of norm of 

complex modulus and phase angle and ε0 is the applied strain level. 

Values obtained using non-linearity envelope regression Equations (5.7) and (5.8) for all 

different temperatures at strain levels equal to 0 µm/m, 50 µm/m, 75 µm/m, 100 µm/m and 

110 µm/m were plotted against corresponding temperatures. As an example, resulting plots 

for norm of complex modulus and phase angle of mix A.40.35-50 are shown in Figure 5.29. 

Plots relative to all tested mixtures are reported in Appendix B7. 

Since all tests were performed at 10 Hz, it was impossible to verify Time-Temperature 

Superposition Principle. Instead, it was observed that, within a limited temperature domain, 

both complex modulus and phase angle values follow linear trends with temperature. 

Regression equations (5.9) and (5.10) were successfully fitted in order to estimate LVE 

parameters evolution with temperature T, depending on applied strain level: 

   

 |E∗| = bE T + |E0°C
∗ | (5.9) 

   

 φ = bφ T + φ0°C (5.10) 

   

where bE and bφ are the coefficients expressing the variation of, respectively, |E*| and φ 

with temperature and |E*
0°C| and φ0°C are, respectively, theoretical values of |E*| and φ at 0°C. 

Coefficients pE, pφ, bE and bφ are used in the analysis of the PFTs to estimate the 

influence of non-linearity and self-heating phenomena during fatigue tests. 
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a)  

b)  

Figure 5.29 – CMT (Complex Modulus Test) results for mixture A.40.35-50: values of (a, top) 

|E*| and (b, bottom) φ obtained from non-linearity envelopes vs. temperature at different 

strain levels. 

Figure 5.30 shows norm of complex modulus and phase angle evolution during all five 

PFT fatigue lags and recovery periods for mixture B2.20.35-50B (data obtained for all tested 

mixtures are shown in Appendix B7). The horizontal axis is not in scale, in order to 

immediately visualize LVE variations due to both fatigue lags and rest periods. As for CMTs, 

for complex modulus measurements performed during rest periods, applied strain level 

reached the imposed value only after a certain number of cycles. In order to avoid undesired 
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non-linearity effects, each complex modulus value considered during rest periods is equal to 

the average of values measured during the last five cycles (cycles 96-100). For the same 

reason, in Figure 5.30, the first 95 cycles of every fatigue lag are plotted in different size and 

color. 

a)  

b)  

Figure 5.30 – PFT results for mixture B2.20.35-50B: evolution of (a, top) |E*| and (b, bottom) 

φ during fatigue lags and recovery periods. 
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Several observations can be made on |E*| and φ evolution: 

 If the first 95 cycles of every fatigue lag are neglected, variations of |E*| and φ 

between cycles 96 and 100,000 are almost completely recovered during rest periods. 

 |E*| and φ values measured during the 96th cycle of every fatigue lag are 

approximately the same as the ones measured at the end of the previous rest period. 

 |E*| and φ values measured during the 96th cycle of consecutive fatigue lags appear 

to, respectively, slightly decrease and increase. 

Surface and internal temperature of samples were constantly measured, in order to 

monitor the self-heating phenomenon. Figure 5.31 shows temperature measurements for 

mixture B2.20.35-50B (temperature data measured during tests on all mixtures are shown in 

Appendix B7). No significant internal or surface temperature changes could be observed 

during the first 100 loading cycles. For this reason, average temperature values were 

considered for complex modulus tests during rest periods. During fatigue lags, both surface 

and internal temperature of samples increase significantly. The increase of internal 

temperature is obviously more important than the one of surface temperature, because of heat 

dispersion in the thermal chamber. It can be observed that, during fatigue lags, after a rapid 

temperature increase, a quasi-stationary condition is reached, due to the thermal equilibrium 

between self-heating occurring inside the sample and heat exchange on surface. During the 24 

hour rest periods, temperature rapidly decreases to the initial value, equal to thermal chamber 

temperature. Cooling of the sample is possible because no cyclic loading is applied, with the 

exception of the short complex modulus measurements. 
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Figure 5.31 – PFT results for mixture B2.20.35-50B: variation of internal and surface 

temperature during fatigue lags and recovery periods. 

As self-heating is the consequence of viscous energy dissipation during cyclic loading, 

dissipated energy per cycle (WN) and cumulated dissipated energy (ΣW) were monitored. 

Figure 5.32 shows the evolution of these two quantities during fatigue lags for mixture 

B2.20.35-50B. In order to further verify the relation between energy dissipation and self-

heating, internal temperature was plotted against cumulated dissipated energy (Figure 5.33).  

The increase of internal temperature with cumulated dissipated energy appears to follow the 

same trend for all fatigue lags. 
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Figure 5.32 – PFT results for mixture B2.20.35-50B: evolution of dissipated energy (per 

cycle, WN, and cumulated, ΣW) during fatigue lags. 

 

Figure 5.33 – PFT results for mixture B2.20.35-50B: internal temperature vs. cumulated 

dissipated energy (ΣW) during fatigue lags. 

Based on all described observations, quantitative estimation of different biasing effects 
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The first method consists in considering each fatigue lag (and the following rest period) 

separately. In order to do so, similarly to what done for CMTs, a non-linearity envelope was 

calculated for every fatigue lag during PFT. By using these envelopes, for any ith fatigue lag, 

|E*| and φ values corresponding to 0 µm/m (|E*
0µm/m,T0,0cycles,lag i| and φ 0µm/m,T0,0cycles,lag i) and to 

100 µm/m (|E*
100µm/m,T0,0cycles,lag i| and φ100µm/m,T0,0cycles,lag i) could be calculated. T0 is the 

internal temperature measured at the equilibrium, at the beginning of every fatigue lag. This 

temperature does not show significant variations between all fatigue lags. Regarding norm of 

complex modulus, the influence of non-linearity (Δ|E*
nonlinearity|) during any ith fatigue lag was 

calculated as the difference between values corresponding to 0 µm/m and 100 µm/m for each 

fatigue lags, as in Equation (5.11): 

   

 ∆|Enonlinearity
∗ | = |E0µm m⁄ ,T0,0cycles,lag i

∗ | − |E100µm m⁄ ,T0,0cycles,lag i
∗ | (5.11) 

   

A similar procedure was used to estimate non-linearity effect for phase angle, Δφnonlinearity 

during any ith cycle (Equation (5.12)): 

   

 ∆φnonlinearity = φ0µm m⁄ ,T0,0cycles,lag i − φ100µm m⁄ ,T0,0cycles,lag i (5.12) 

   

where φ0µm/m,T0,0cycles,lag i is the value of φ at 0 µm/m and φ100µm/m,T0,0cycles,lag i is the value 

of φ at 100 µm/m (both values are obtained from the non-linearity envelope at any ith cycle). 

The effect of self-heating on LVE parameter variations during fatigue lags is evaluated as 

a function of internal temperature decrease during rest periods, using coefficients bE and bφ 

evaluated with CMTs. For norm of complex modulus and phase angle, respectively, 

Equations (5.13) and (5.14) were used: 

   

 ∆|Eheating
∗ | = bE ∆T (5.13) 

   

 ∆φheating = bφ ∆T (5.14) 

   

where: 

 Δ|E*
heating| and Δφheating are, respectively, norm of complex modulus and phase angle 

variations during any ith fatigue lag due to self-heating of the material; 

 bE and bf are, respectively, the coefficients determined during CMTs; 

 ΔT is the difference of internal temperature between the value measured at the end 

(100,000th cycle) of the fatigue lag and the value measured during the last complex 

modulus test at the end of the rest period (after a 24 hours rest). 

The effect of thixotropy on |E*| and φ variations (respectively Δ|E*
thixotropy| and 

Δφthixotropy) during any ith fatigue lag was estimated equal to the portion of, respectively, |E*| 
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and φ recovery not explained by self-heating. Therefore, Δ|E*
thixotropy| and Δφthixotropy are 

estimated using, respectively, Equations (5.15) and (5.16): 

   

 ∆|Ethixotropy
∗ | = |E100000cycles,lag i

∗ | − ∆|Eheating
∗ | − |E24h,lag i

∗ | (5.15) 

   

 ∆φthixotropy = φ100000cycles,lag i − ∆φheating − φ24h,lag i (5.16) 

   

where: 

 |E*
100000cycles,lag i| and φ100000cycles,lag i are, respectively, norm of complex modulus and 

phase angle measurements at the end (100,000th cycle) of the ith fatigue lag; 

 Δ|E*
24h,lag i| and Δφ24h,lag i are, respectively, norm of complex modulus and phase 

angle value measured during the last complex modulus test at the end of the rest 

period (after a 24 hours rest). 

After taking into account non-linearity, self-heating and thixotropy biasing effects, for 

any ith fatigue lag, the unrecovered part of both |E*| and φ variations (respectively, 

Δ|E*
unrecovered 24h| and Δφunrecovered 24h) during after a 24 hour rest period is estimated. In 

particular, Δ|E*
unrecovered 24h| and Δφunrecovered 24h are estimated as in Equations (5.17) and  

(5.18): 

   

 ∆|Eunrecovered 24h
∗ | = |E24h,lag i

∗ | − |E100µm m⁄ ,T0,0cycles,lag i
∗ | (5.17) 

   

 ∆φunrecovered 24h = φ24h,lag i − φ100µm m⁄ ,T0,0cycles,lag i (5.18) 

   

Finally, as already hinted when commenting Figure 5.30, the following tendencies were 

observed regarding envelopes of different fatigue lags: 

   

 |E100µm m⁄ ,T0,0cycles,lag 1
∗ | > |E100µm m⁄ ,T0,0cycles,lag 2

∗ | > ⋯ > |E100µm m⁄ ,T0,0cycles,lag 5
∗ | (5.19) 

   

 φ100µm m⁄ ,T0,0cycles,lag 1 < φ100µm m⁄ ,T0,0cycles,lag 2 < ⋯ < φ100µm m⁄ ,T0,0cycles,lag 5 (5.20) 

   

The opposite tendencies were found for extrapolated |E*| and φ values at 0 µm/m: 

   

 |E0µm m⁄ ,T0,0cycles,lag 1
∗ | < |E0µm m⁄ ,T0,0cycles,lag 2

∗ | < ⋯ < |E0µm m⁄ ,T0,0cycles,lag 5
∗ | (5.21) 

   

 φ0µm m⁄ ,T0,0cycles,lag 1 > φ0µm m⁄ ,T0,0cycles,lag 2 > ⋯ > φ0µm m⁄ ,T0,0cycles,lag 5 (5.22) 

   

It must be noted that, being obtained from regression equations, |E*| and φ values 

corresponding to a 100 µm/m strain level (|E*
100µm/m,T0,0cycles,lag i| and φ100µm/m,T0,0cycles,lag i) are 

remarkably close to real experimental data, while values corresponding to 0 µm/m  

(|E*
0µm/m,T0,0cycles,lag i| and φ0µm/m,T0,0cycles,lag i) are simply extrapolated. For this reason, envelope 
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difference between any ith fatigue lag and fatigue lag #1 is estimated by using 

|E*
100µm/m,T0,0cycles,lag i| and φ100µm/m,T0,0cycles,lag i, as in Equations (5.23) and (5.24): 

   

 |E∗|envel. diff. = |E100µm m⁄ ,T0,0cycles,lag i
∗ | − |E100µm m⁄ ,T0,0cycles,lag 1

∗ | (5.23) 

   

 φenvel. diff. = φ100µm m⁄ ,T0,0cycles,lag i − φ100µm m⁄ ,T0,0cycles,lag 1 (5.24) 

   

As an example, Figures 14 and 15 show calculations performed with this approach for 

mixture B2.20.35-50B for fatigue lags #1 and #2. 
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a)  

b)   

Figure 5.34 – Quantification of different contributions to evolution of (a, top) |E*| and (b; 

bottom) φ during fatigue lags #1 and #2 for mixture B2.20.35-50B: a different envelope is 

used for each fatigue lag. 
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The second approach consists in neglecting non-linearity envelopes of fatigue lags #2, 

#3, #4 and #5, and holding the non-linearity envelope of fatigue lag #1 as a reference for the 

calculation of biasing effects occurring in all fatigue lags. Therefore, for any ith fatigue lag, 

Δ|E*
nonlinearity, ref:lag 1|, Δφnonlinearity, ref:lag 1, Δ|E*

unrecovered 24h, ref:lag 1| and Δφunrecovered 24h,ref:lag 1 are 

calculated, respectively, as in Equations (5.25), (5.26), (5.27) and (5.28): 

   

 ∆|Enonlinearity,ref:lag 1
∗ | = |E0µm m⁄ ,T0,0cycles,lag 1

∗ | − |E100µm m⁄ ,T0,0cycles,lag 1
∗ | (5.25) 

   

 ∆φnonlinearity,ref:lag 1 = φ0µm m⁄ ,T0,0cycles,lag 1 − φ100µm m⁄ ,T0,0cycles,lag 1 (5.26) 

   

 ∆|Eunrecovered 24h,ref:lag 1
∗ | = |E24h,lag i

∗ | − |E100µm m⁄ ,T0,0cycles,lag 1
∗ | (5.27) 

   

 ∆φunrecovered 24h,ref:lag 1 = φ24h,lag i − φ100µm m⁄ ,T0,0cycles,lag 1 (5.28) 

   

Estimations of self-heating and thixotropy effects remain the same, since they do not 

depend on non-linearity envelopes. By definition, |E*| and φ envelope differences are not 

calculated. As an example, Figure 5.35 shows calculations performed with this approach for 

mixture B2.20.35-50B for fatigue lags #1 and #2. 
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a)  

b)   

Figure 5.35 – Quantification of different contributions to evolution of (a, top) |E*| and (b; 

bottom) φ during fatigue lags #1 and #2 for mixture B2.20.35-50B: the envelope of fatigue 

lag #1 is used for all fatigue lags. 
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The relative importance of different biasing effects and unrecovered LVE parameter 

variations during fatigue lags with respect to total LVE parameter variations was evaluated. 

Since effects were estimated using two different approaches (using different non-linearity 

envelopes for each fatigue lag and using non-linearity envelope of fatigue lag #1 for all 

fatigue lags), also |E*| and φ total variations were calculated with both methods. |E*| and φ 

total variations estimated using different envelopes for each fatigue lag (respectively, Δ|E*
total| 

and Δφtotal) are calculated as in, respectively, Equations (5.29) and (5.30): 

   

 ∆|Etotal
∗ | = |E100000cycles,lag i

∗ | − |E0µm m⁄ ,T0,0cycles,lag i
∗ | (5.29) 

   

 ∆φtotal = φ100000cycles,lag i − φ0µm m⁄ ,T0,0cycles,lag i (5.30) 

   

|E*| and φ total variations estimated using envelope of fatigue lag #1 for all fatigue lags 

(respectively, Δ|E*
total,ref:lag 1| and Δφtotal,ref:lag 1) are calculated as in, respectively, Equations 

[25] and [26]: 

   

 ∆|Etotal,ref:lag 1
∗ | = |E100000cycles,lag i

∗ | − |E0µm m⁄ ,T0,0cycles,lag 1
∗ | (5.31) 

   

 ∆φtotal,ref:lag 1 = φ100000cycles,lag i − φ0µm m⁄ ,T0,0cycles,lag 1 (5.32) 

   

Relative importance of biasing effects and unrecovered |E*| and φ variations is evaluated 

with respect to, respectively, Δ|E*
total| and Δφtotal for effects estimated using a different 

envelope for each fatigue lag. On the other hand, Δ|E*
total,ref:lag 1| and Δφtotal,ref:lag 1 are used for 

effects estimated using envelope of fatigue lag #1. 

Table 5.17 reports |E*
100µm/m,T0,0cycles,lag 1| and φ100µm/m,T0,0cycles,lag 1 values for all mixtures. 

As an example, Figure 5.36, Figure 5.37, Figure 5.38 and Figure 5.39 show histograms 

of absolute values and relative importance of biasing effects and unrecovered |E*| and 

φ ture B2.20.35-50B. 

All results of analysis for all mixtures are reported from Table 5.18 to Table 5.25. 
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Table 5.17 – |E*| and φ values corresponding to a 100 µm/m strain level, calculated using the 

envelope of fatigue lag #1. 
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a)  

b)  

Figure 5.36 – Quantification of different contributions to |E*| evolution for mixture    

B2.20.35-50B, calculated using a different envelope for each fatigue lag: (top) absolute 

values; (down) relative values. 
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a)  

b)  

Figure 5.37 – Quantification of different contributions to |E*| evolution for mixture   

B2.20.35-50B, calculated using the envelope of fatigue lag #1: (top) absolute values; (down) 

relative values. 
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a)  

b)  

Figure 5.38 – Quantification of different contributions to φ evolution for mixture       

B2.20.35-50B, calculated using a different envelope for each fatigue lag: (top) absolute 

values; (down) relative values. 
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a)  

b)  

Figure 5.39 – Quantification of different contributions to φ evolution for mixture      

B2.20.35-50B, calculated using the envelope of fatigue lag #1: (top) absolute values; (down) 

relative values. 
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Table 5.18 – Quantification of different contributions to |E*| evolution for all materials: values are calculated using a different envelope for 

each fatigue lag. 
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Table 5.19 – Quantification of different relative contributions to |E*| evolution for all materials: values are calculated using a different 

envelope for each fatigue lag. 
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fat. lag #2 100.0% -26.2% 13.1% 54.9% 5.8%
fat. lag #3 - - - - -

fat. lag #1 100.0% -20.2% 17.5% 40.1% 22.2%
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fat. lag #4 100.0% -22.6% 16.3% 56.5% 4.7%
fat. lag #5 100.0% -23.0% 14.2% 59.0% 3.8%

fat. lag #1 100.0% -13.0% 7.6% 48.0% 31.4%
fat. lag #2 - - - - -

fat. lag #1 100.0% -38.2% 9.6% 41.5% 10.7%
fat. lag #2 100.0% -43.3% 8.6% 40.4% 7.6%
fat. lag #3 100.0% -45.4% 7.0% 41.1% 6.5%
fat. lag #4 100.0% -45.7% 7.8% 40.0% 6.4%
fat. lag #5 100.0% -46.8% 7.0% 38.8% 7.4%

fat. lag #1 100.0% -55.6% 8.3% 29.7% 6.4%
fat. lag #2 100.0% -56.6% 8.3% 29.8% 5.3%
fat. lag #3 100.0% -58.6% 8.8% 28.7% 3.8%
fat. lag #4 100.0% -58.3% 8.4% 29.7% 3.7%
fat. lag #5 100.0% -59.2% 8.2% 28.8% 3.8%

A.20.35-50.R3

B2.20.35-50B.C2

B2.20.Orthoprène.L2

relative differences with                    

|E*
100 µm/m, T0, 0 cycles, lag i|

A.0.35-50.L3

A.40.35-50.R3

B2.20.35-50+2.5%SBS.L3

A.20.35-50.R2
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Table 5.20 – Quantification of different contributions to |E*| evolution for all materials: values are calculated using the envelope of fatigue 

lag #1. 

 

D|E*
total, ref: lag#1|            

[MPa]

D|E*
non linearity, ref: lag#1| 

[MPa]

D|E*
heating|                    

[MPa]

D|E*
thixotropy|                 

[MPa]

D|E*
unrecov. 24h, ref: lag#1| 

[MPa]
fat. lag #1 -3914 983 -481 -2246 -204
fat. lag #2 -4211 983 -556 -2336 -336
fat. lag #3 - - - - -

fat. lag #1 -3771 763 -658 -1513 -837
fat. lag #2 -4595 763 -707 -2099 -1025
fat. lag #3 - - - - -
fat. lag #1 -4300 777 -713 -2449 -361
fat. lag #2 -5308 777 -727 -3086 -717
fat. lag #3 - - - - -

fat. lag #1 -2322 557 -309 -1320 -136
fat. lag #2 -2500 557 -394 -1354 -196
fat. lag #3 -2662 557 -368 -1521 -216
fat. lag #4 -2776 557 -440 -1527 -251
fat. lag #5 -2904 557 -405 -1680 -262

fat. lag #1 -5711 743 -435 -2740 -1793
fat. lag #2 - - - - -

fat. lag #1 -5551 2123 -533 -2303 -592
fat. lag #2 -5934 2123 -530 -2483 -798
fat. lag #3 -6291 2123 -472 -2756 -940
fat. lag #4 -6586 2123 -559 -2851 -1053
fat. lag #5 -7069 2123 -557 -3100 -1290

fat. lag #1 -6543 3638 -541 -1941 -422
fat. lag #2 -6609 3638 -527 -1889 -555
fat. lag #3 -6701 3638 -578 -1885 -601
fat. lag #4 -6731 3638 -547 -1927 -619
fat. lag #5 -6768 3638 -541 -1910 -679

A.20.35-50.R2

absolute differences with                    

|E*
100 µm/m, T0, 0 cycles, lag #1|

A.0.35-50.L3

A.20.35-50.R3

A.40.35-50.R3

B2.20.35-50+2.5%SBS.L3

B2.20.35-50B.C2

B2.20.Orthoprène.L2
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Table 5.21 – Quantification of different relative contributions to |E*| evolution for all materials: values are calculated using the envelope of 

fatigue lag #1. 

 

D|E*
total, ref: lag#1|            

[%]

D|E*
non linearity, ref: lag#1| 

[%]

D|E*
heating|                          

[%]

D|E*
thixotropy|                       

[%]

D|E*
unrecov. 24h, ref: lag#1| 

[%]
fat. lag #1 100.0% -25.1% 12.3% 57.4% 5.2%
fat. lag #2 100.0% -23.3% 13.2% 55.5% 8.0%
fat. lag #3 - - - - -

fat. lag #1 100.0% -20.2% 17.5% 40.1% 22.2%
fat. lag #2 100.0% -16.6% 15.4% 45.7% 22.3%
fat. lag #3 - - - - -
fat. lag #1 100.0% -18.1% 16.6% 57.0% 8.4%
fat. lag #2 100.0% -14.6% 13.7% 58.1% 13.5%
fat. lag #3 - - - - -

fat. lag #1 100.0% -24.0% 13.3% 56.9% 5.8%
fat. lag #2 100.0% -22.3% 15.7% 54.2% 7.8%
fat. lag #3 100.0% -20.9% 13.8% 57.1% 8.1%
fat. lag #4 100.0% -20.1% 15.9% 55.0% 9.0%
fat. lag #5 100.0% -19.2% 13.9% 57.9% 9.0%

fat. lag #1 100.0% -13.0% 7.6% 48.0% 31.4%
fat. lag #2 - - - - -

fat. lag #1 100.0% -38.2% 9.6% 41.5% 10.7%
fat. lag #2 100.0% -35.8% 8.9% 41.8% 13.5%
fat. lag #3 100.0% -33.7% 7.5% 43.8% 14.9%
fat. lag #4 100.0% -32.2% 8.5% 43.3% 16.0%
fat. lag #5 100.0% -30.0% 7.9% 43.8% 18.3%

fat. lag #1 100.0% -55.6% 8.3% 29.7% 6.4%
fat. lag #2 100.0% -55.0% 8.0% 28.6% 8.4%
fat. lag #3 100.0% -54.3% 8.6% 28.1% 9.0%
fat. lag #4 100.0% -54.1% 8.1% 28.6% 9.2%
fat. lag #5 100.0% -53.8% 8.0% 28.2% 10.0%

B2.20.35-50B.C2

B2.20.Orthoprène.L2

A.20.35-50.R2

relative differences with                    

|E*
100 µm/m, T0, 0 cycles, lag #1|

A.0.35-50.L3

A.20.35-50.R3

A.40.35-50.R3

B2.20.35-50+2.5%SBS.L3
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Table 5.22 – Quantification of different contributions to φ evolution for all materials: values are calculated using a different envelope for 

each fatigue lag. 

 

Djtotal                            

[°]

Djnon linearity                

[°]

Djheating                     

[°]

Djthixotropy                   

[°]

Djunrecov. 24h          

[°]

j envel.diff.              

[°]

fat. lag #1 6.3 -2.4 0.4 3.0 0.5 0.0
fat. lag #2 6.4 -2.4 0.5 3.1 0.4 0.2
fat. lag #3 - - - - - -

fat. lag #1 5.5 -1.8 0.6 2.6 0.5 -
fat. lag #2 5.5 -1.7 0.6 2.8 0.4 0.3
fat. lag #3 - - - - - -
fat. lag #1 5.4 -1.5 0.6 2.8 0.5 0.0
fat. lag #2 5.7 -1.6 0.6 3.1 0.4 0.3
fat. lag #3 - - - - - -

fat. lag #1 2.8 -1.0 0.2 1.4 0.2 0.0
fat. lag #2 2.9 -1.0 0.3 1.5 0.2 0.1
fat. lag #3 3.0 -1.0 0.2 1.6 0.2 0.2
fat. lag #4 3.1 -1.0 0.3 1.6 0.2 0.2
fat. lag #5 3.2 -1.0 0.3 1.7 0.2 0.2

fat. lag #1 5.4 -1.5 0.4 2.7 0.8 0.0
fat. lag #2 - - - - - -

fat. lag #1 8.7 -4.0 0.4 3.2 1.0 0.0
fat. lag #2 9.4 -4.8 0.4 3.5 0.7 0.6
fat. lag #3 10.0 -5.3 0.4 3.7 0.6 0.9
fat. lag #4 10.5 -5.6 0.5 3.9 0.6 1.1
fat. lag #5 11.1 -5.8 0.5 4.0 0.8 1.2

fat. lag #1 15.7 -9.4 0.8 4.6 0.9 -
fat. lag #2 15.1 -9.1 0.7 4.6 0.7 0.5
fat. lag #3 15.5 -9.6 0.8 4.6 0.6 0.7
fat. lag #4 15.5 -9.6 0.8 4.6 0.5 0.8
fat. lag #5 15.7 -9.8 0.8 4.6 0.5 0.9

absolute differences with                                   

j100 µm/m, T0, 0 cycles, lag i

A.0.35-50.L3

A.20.35-50.R3

A.40.35-50.R3

B2.20.35-50+2.5%SBS.L3

B2.20.35-50B.C2

B2.20.Orthoprène.L2

A.20.35-50.R2
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Table 5.23 – Quantification of different relative contributions to φ evolution for all materials: values are calculated using a different 

envelope for each fatigue lag. 

 

Djtotal                            

[%]

Djnon linearity                

[%]

Djheating                     

[%]

Djthixotropy                  

[%]

Djunrecov. 24h          

[%]

fat. lag #1 100.0% -37.7% 6.8% 48.3% 7.3%
fat. lag #2 100.0% -38.1% 7.7% 47.9% 6.3%
fat. lag #3 - - - - -

fat. lag #1 100.0% -32.1% 10.4% 48.5% 9.0%
fat. lag #2 100.0% -30.7% 11.1% 51.5% 6.7%
fat. lag #3 - - - - -
fat. lag #1 100.0% -28.6% 10.6% 52.3% 8.5%
fat. lag #2 100.0% -28.4% 10.3% 53.9% 7.3%
fat. lag #3 - - - - -

fat. lag #1 100.0% -34.5% 7.1% 50.8% 7.5%
fat. lag #2 100.0% -32.9% 8.9% 51.8% 6.5%
fat. lag #3 100.0% -33.3% 8.1% 53.4% 5.3%
fat. lag #4 100.0% -32.8% 9.3% 51.9% 6.0%
fat. lag #5 100.0% -32.4% 8.3% 53.8% 5.6%

fat. lag #1 100.0% -28.2% 6.7% 50.3% 14.8%
fat. lag #2 - - - - -

fat. lag #1 100.0% -46.1% 4.9% 37.2% 11.8%
fat. lag #2 100.0% -51.1% 4.5% 36.6% 7.8%
fat. lag #3 100.0% -52.6% 3.8% 37.3% 6.2%
fat. lag #4 100.0% -52.8% 4.3% 36.9% 6.0%
fat. lag #5 100.0% -52.7% 4.1% 36.3% 6.9%

fat. lag #1 100.0% -59.7% 4.8% 29.5% 6.0%
fat. lag #2 100.0% -60.2% 4.9% 30.3% 4.6%
fat. lag #3 100.0% -61.8% 5.2% 29.4% 3.6%
fat. lag #4 100.0% -61.7% 4.9% 29.9% 3.5%
fat. lag #5 100.0% -62.3% 4.8% 29.6% 3.3%

B2.20.35-50B.C2

B2.20.Orthoprène.L2

A.20.35-50.R2

relative differences with                   

j100 µm/m, T0, 0 cycles, lag i

A.0.35-50.L3

A.20.35-50.R3

A.40.35-50.R3

B2.20.35-50+2.5%SBS.L3
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Table 5.24 – Quantification of different contributions to φ evolution for all materials: values are calculated using the envelope of fatigue lag 

#1. 

 

Djtotal, ref: lag#1                            

[°]

Djnon linearity, ref: lag#1         

[°]

Djheating                     

[°]

Djthixotropy                   

[°]

Djunrecov. 24h, ref: lag#1          

[°]

fat. lag #1 6.3 -2.4 0.4 3.0 0.5
fat. lag #2 6.6 -2.4 0.5 3.1 0.6
fat. lag #3 - - - - -

fat. lag #1 5.5 -1.8 0.6 2.6 0.5
fat. lag #2 5.8 -1.8 0.6 2.8 0.7
fat. lag #3 - - - - -
fat. lag #1 5.4 -1.5 0.6 2.8 0.5
fat. lag #2 5.9 -1.5 0.6 3.1 0.7
fat. lag #3 - - - - -

fat. lag #1 2.8 -1.0 0.2 1.4 0.2
fat. lag #2 3.0 -1.0 0.3 1.5 0.3
fat. lag #3 3.1 -1.0 0.2 1.6 0.3
fat. lag #4 3.2 -1.0 0.3 1.6 0.4
fat. lag #5 3.4 -1.0 0.3 1.7 0.4

fat. lag #1 5.4 -1.5 0.4 2.7 0.8
fat. lag #2 - - - - -

fat. lag #1 8.7 -4.0 0.4 3.2 1.0
fat. lag #2 9.3 -4.0 0.4 3.5 1.4
fat. lag #3 9.6 -4.0 0.4 3.7 1.5
fat. lag #4 10.0 -4.0 0.5 3.9 1.7
fat. lag #5 10.5 -4.0 0.5 4.0 2.0

fat. lag #1 15.7 -9.4 0.8 4.6 0.9
fat. lag #2 15.8 -9.4 0.7 4.6 1.2
fat. lag #3 16.0 -9.4 0.8 4.6 1.3
fat. lag #4 16.1 -9.4 0.8 4.6 1.4
fat. lag #5 16.2 -9.4 0.8 4.6 1.4

A.0.35-50.L3

A.20.35-50.R3

absolute differences with                   

j100 µm/m, T0, 0 cycles, lag #1

A.40.35-50.R3

B2.20.35-50+2.5%SBS.L3

B2.20.35-50B.C2

B2.20.Orthoprène.L2

A.20.35-50.R2
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Table 5.25 – Quantification of different relative contributions to φ evolution for all materials: values are calculated using the envelope of 

fatigue lag #1. 

 

Djtotal, ref: lag1                         

[%]

Djnon linearity, ref: lag#1         

[%]

Djheating                     

[%]

Djthixotropy                   

[%]

Djunrecov. 24h, ref: lag#1          

[%]

fat. lag #1 100.0% -37.7% 6.8% 48.3% 7.3%
fat. lag #2 100.0% -36.0% 7.5% 46.9% 9.5%
fat. lag #3 - - - - -

fat. lag #1 100.0% -32.1% 10.4% 48.5% 9.0%
fat. lag #2 100.0% -29.9% 10.4% 48.3% 11.3%
fat. lag #3 - - - - -
fat. lag #1 100.0% -28.6% 10.6% 52.3% 8.5%
fat. lag #2 100.0% -26.1% 9.9% 51.8% 12.2%
fat. lag #3 - - - - -

fat. lag #1 100.0% -34.5% 7.1% 50.8% 7.5%
fat. lag #2 100.0% -32.4% 8.5% 49.6% 9.4%
fat. lag #3 100.0% -31.2% 7.7% 50.8% 10.3%
fat. lag #4 100.0% -30.1% 8.9% 49.3% 11.7%
fat. lag #5 100.0% -29.1% 7.9% 51.0% 12.1%

fat. lag #1 100.0% -28.2% 6.7% 50.3% 14.8%
fat. lag #2 - - - - -

fat. lag #1 100.0% -46.1% 4.9% 37.2% 11.8%
fat. lag #2 100.0% -43.4% 4.6% 37.4% 14.6%
fat. lag #3 100.0% -41.6% 4.0% 38.8% 15.7%
fat. lag #4 100.0% -40.0% 4.5% 38.7% 16.8%
fat. lag #5 100.0% -38.4% 4.3% 38.5% 18.8%

fat. lag #1 100.0% -59.7% 4.8% 29.5% 6.0%
fat. lag #2 100.0% -59.1% 4.6% 28.8% 7.5%
fat. lag #3 100.0% -58.4% 5.0% 28.5% 8.1%
fat. lag #4 100.0% -58.1% 4.7% 28.8% 8.4%
fat. lag #5 100.0% -57.9% 4.7% 28.7% 8.7%

relative differences with                   

j100 µm/m, T0, 0 cycles, lag #1

A.40.35-50.R3

B2.20.35-50+2.5%SBS.L3

B2.20.35-50B.C2

B2.20.Orthoprène.L2

A.20.35-50.R2

A.0.35-50.L3

A.20.35-50.R3
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Tests performed on mixture A.0.35-50 and sample A.20.35-50.R3 resulted in sample 

failure during fatigue lag #3. Moreover, fracture took place outside of the area interested by 

extensometer gages, therefore the possibility that obtained experimental data during PFTs are 

not representative of real material properties exists. Sample A.20.35-50.R2 also failed during 

fatigue lag #3, but failure occurred at the edge of the area covered by extensometer gages. 

Only two data points were therefore available for this test. The test on mixture B2.20.35-

50+2.5%SBS was interrupted during fatigue lag #2, since an excessive difference was 

observed between strain amplitude measured by the three extensometers, therefore indicating 

that loading conditions were not homogeneous. For this reason, as for the mentioned tests on 

samples A.0.35-50.L3 and A.20.35-50.R3, measured LVE properties could not be considered 

representative of material. Therefore, discussion of analysis results focuses on mixtures 

A.40.35-50, B2.20.35-50B and B2.20.Orthoprène. The following observations can be made: 

 Although small differences can be noticed (especially for mixture B2.20.35-50B), 

estimated relative weights of non-linearity, self-heating, thixotropy and unrecovered 

variations of |E*| and φ during fatigue lags are generally of equal orders of 

magnitude, independently from which LVE parameter is used for the estimation. In 

other words, no significant differences can be observed between estimates of biasing 

effects (and unrecovered variations), occurring during fatigue lags, made considering 

|E*| and φ. 

 Considering every fatigue lags separately (therefore measuring |E*| and φ variations 

using a different non-linearity envelopes for each fatigue lag), unrecovered |E*| and φ 

variations are generally smaller than 10% of total variations. Therefore, 90% of total 

variations observed during fatigue lags are completely reversible. This finding 

further confirms the necessity of a distinction between the recovery of real damage 

and the restoration of reversible material properties. Furthermore, analysis of 

conventional fatigue tests should be carefully conceived and, eventually, current 

fatigue test procedures rethought. 

 After the same number of applied loading cycles, relative unrecovered |E*| and φ 

variations estimated for mixtures A.40.35-50 and B2.20.Orthoprène appear to be of 

less importance than those determined for mixture B2.20.35-50B. Therefore, the 

influence of biasing effects is more important for mixtures A.40.35-50 and 

B2.20.Orthoprène than for mixture B2.20.35-50B. 

 Regarding non-linearity effects, mixture A.40.35-50 appears to be the least affected 

among the three considered materials, followed by mixture B2.20.35-50B then 

mixture B2.20.Orthoprène. In particular, more than 50% of total |E*| and φ variations 

determined for mixture B2.20.Orthoprène are explained by non-linearity effects. 
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 Thixotropy effects are most important for mixture A.40.35-50, while they have a 

smallest influence for mixture B2.20.Orthoprène. 

 Thixotropy and non-linearity appear to contribute to |E*| and φ variations 

substantially more than self-heating. In particular, self-heating effects determined for 

mixtures B2.20.35-50B and B2.20.Orthoprène are approximately equivalent and 

explain less than 10% of total variations of LVE properties. Mixture A.40.35-50 

appears to be more affected by variations of |E*| and φ due to self-heating. 

From Equations (5.17), (5.23) and (5.27), the following relationship can be obtained: 

   

 ∆|Eunrecovered 24h,ref:lag 1
∗ | = ∆|Eunrecovered 24h

∗ | + |E∗|envel. diff. (5.33) 

   

showing that the unrecovered complex modulus loss occurring at any ith fatigue lag, 

estimated with respect to the non-linearity envelope of fatigue lag #1 (Δ|E*
nonlinearity, ref:lag 1|), is 

equivalent to the sum of the loss estimated with respect to the envelope of the ith cycle 

(Δ|E*
unrecovered 24h|) and the difference between considered envelopes (|E*| envel.diff.). 

Similarly, from Equations (5.18), (5.24) and (5.28), the analogous relationship for phase 

angle can be obtained: 

   

 ∆φunrecovered 24h,ref:lag 1 = ∆φunrecovered 24h + φenvel. diff. (5.34) 

   

Equations (5.33) and (5.34) were divided, respectively, by initial |E*
100µm/m,T0,0cycles,lag 1| 

and φ100µm/m,T0,0cycles,lag 1 values (Equations (5.35) and (5.36)), in order to evaluate unrecovered 

LVE parameters variations of different mixtures with respect to their initial mechanical 

properties. 

   

 
∆|Eunrecovered 24h,ref:lag 1

∗ |

|E100µm m⁄ ,T0,0cycles,lag 1
∗ |

=
∆|Eunrecovered 24h

∗ |

|E100µm m⁄ ,T0,0cycles,lag 1
∗ |

+
|E∗|envel. diff.

|E100µm m⁄ ,T0,0cycles,lag 1
∗ |

 (5.35) 

   

 
∆φunrecovered 24h,ref:lag 1

φ100µm m⁄ ,T0,0cycles,lag 1
=

∆φunrecovered 24h

φ100µm m⁄ ,T0,0cycles,lag 1
+

φenvel. diff.

φ100µm m⁄ ,T0,0cycles,lag 1
 (5.36) 

   

As an example, Figure 5.40 shows a plot of unrecovered |E*| and φ variations according 

to relationships described by Equations (5.35) and (5.36) for mixture B2.20.35-50B. Similar 

plots are shown in Appendix B7 also for mixtures A.40.35-50 and B2.20.Orthoprène. 

Samples tested for these three materials completed the five fatigue lags. 
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Figure 5.40 – Quantification of unrecovered |E*| and φ variations for mixture B2.20.35-50B. 

Considering unrecovered |E*| and φ variations occurring at every fatigue lag (estimated 

considering every fatigue lags separately, therefore measuring |E*| and φ variations using a 

different non-linearity envelopes for each fatigue lag), it can be noticed that Δ|E*
unrecovered 24h| 

and Δφunrecovered 24h values estimated for fatigue lag #1 are usually more important than values 

evaluated for all other fatigue lags. Also, |E*| and φ envelope differences (calculated with 

respect to envelope of fatigue lag #1) increase at a lower rate as fatigue lags come into 

succession. More tests and a wider experimental campaign is necessary to validate these 

results and to look for explanations about observed tendencies. 

As already explained, after the recovery period following fatigue lag #5, a final fatigue 

lag was performed, similarly to a classical fatigue test, by applying repeated loading until 

sample failure. Figure 5.41 shows variations of |E*| and φ during the final fatigue lag for 

mixture B2.20.35-50B. Results obtained also for materials A.40.35-50 and B2.20.Orthoprène 

are reported in Appendix B7. Cycles applied during CMTs and complex modulus 

measurements during recovery periods were not considered in the total number of cycles. 

-3.4%
-4.6%

-5.5% -6.1% -7.5%

-3.4%
-2.7%

-2.5% -2.6%
-3.5%

-1.9% -2.9% -3.5% -4.0%

6.0%
8.6%

10.3% 11.6%
9.9%

7.1%

6.0%
6.1%

7.3%

9.9%

13.0%
14.6%

16.3%
19.0%

-10.0%

-5.0%

0.0%

5.0%

10.0%

15.0%

20.0%

-10.0%

-5.0%

0.0%

5.0%

10.0%

15.0%

20.0%

fat. lag #1 fat. lag #2 fat. lag #3 fat. lag #4 fat. lag #5

cu
m

u
la

te
d

 D
j

/j
10

0µ
m

/m
, T

0,
  c

yc
le

s,
 la

g 
#1

[%
]

cu
m

u
la

te
d

 D
|E

* |
/|

E*
10

0µ
m

/m
, T

0,
  c

yc
le

s,
 la

g 
#1

| 
[%

]

E* envel. diff.          [%]

D|E*unrecov. 24h ith lag| [%]

D|E*unrecov. 24h 1st lag| [%]

phi envel. diff.          [%]

Dfunrecov. 24h ith lag          [%]

Dfunrecov. 24h 1st lag [%]

D|E*
unrecov. 24h|

D|E*
unrecov. 24h ref: lag 1|

|E*|envelope diff.

Djunrecov. 24h

Djunrecov. 24h ref: lag 1

j envelope diff.

E* envel. diff.          [%]

D|E*unrecov. 24h ith lag| [%]

D|E*unrecov. 24h 1st lag| [%]

phi envel. diff.          [%]

Dfunrecov. 24h ith lag          [%]

Dfunrecov. 24h 1st lag [%]

D|E*
unrecov. 24h|

D|E*
unrecov. 24h ref: lag 1|

|E*|envelope diff.

Djunrecov. 24h

Djunrecov. 24h ref: lag 1

j envelope diff.



 

Chapter 5 – Fatigue of bituminous mixtures: test results and analysis 

 

270 

 

 

Figure 5.41 – Evolution of |E*| and φ during final fatigue period for mixture B2.20.35-50B. 

Cycles applied during initial CMT tests and complex modulus measurements within recovery 

periods are not considered. 

In order to determine fatigue life of the sample, four criteria were used: DER (Section 

1.5.3.2), phase angle peak (Section 1.5.3.3) and local criteria, related to strain amplitude and 

phase angle differences between the three extensometers (Section 1.5.3.4). The mean of the 

four fatigue life values obtained was retained as the fatigue life of the sample, Nf. Figure 5.42 

shows the determination of fatigue life with DER criterion for sample B2.20.35-50.C2. Figure 

5.43 shows strain amplitude relative difference and phase angle difference between the three 

extensometers measured during all fatigue lags (fatigue lags from #1 to #5 and final lag) for 

sample B2.20.35-50B. Plots regarding fatigue life values determined with the four considered 

criteria also for mixtures A.40.35-50 and B2.20.Orthoprène are shown in Appendix B7. It can 

be observed that one extensometer reached the 25% limit of strain amplitude relative 

difference already at the end of fatigue lag #5. However, fatigue life was considered as 

occurring at the beginning of the final fatigue lag, when the same extensometer reached the 

25% limit. 

Table 5.26 reports fatigue life values obtained for sample B2.20.35-50B according to the 

different criteria and the average Nf value retained for the analysis. Data obtained for mixtures 

A.40.35-50 and B2.20.Orthoprène are reported in Appendix B7. 

It is interesting to observe that, during the final fatigue lag, both surface and internal 

temperature of the sample (Figure 5.44) exhibit an initial rapid increase, followed by a steady 

relatively slow decrease. As self-heating and energy dissipation are related, this observation 

supports the hypothesis that energy dissipation, occurring in the whole volume of the sample, 
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decreases once failure occurs. In fact, the presence of a crack concentrates stresses and strains 

in a specific area of the sample and the behavior of the sample, as already explained, is not 

homogeneous. The type of sample response is therefore more similar to crack propagation 

than volume deformation, therefore overall heat generation becomes less important. 

a)  

b)  

Figure 5.42 – Results of final fatigue lag for sample B2.20.35-50B.C2: (a, top) evolution of 

dissipated energy (per cycle, WN, and cumulated, ΣW); (b; bottom) estimation of fatigue life 

using DER criterion. Cycles applied during initial CMT tests and complex modulus 

measurements within recovery periods are not considered. 
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a)  

b)  

Figure 5.43 – Determination of fatigue life of sample B2.20.35-50B.C2 based on the 

evolutions of differences between signals of each extensometer and average signals: (a, top) 

strain amplitude (relative difference); (b; bottom) phase angle. Limits of ±25% and ±5° are 

shown, respectively, for strain amplitude and phase angle. Cycles applied during initial CMT 

tests and complex modulus measurements within recovery periods are not considered. 
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Table 5.26 – Values of fatigue life determined for sample B2.20.35-50B.C2 according to 

different criteria and resulting average value. Cycles applied during initial CMT tests and 

complex modulus measurements within recovery periods are not considered. 

 

 

Figure 5.44 – Evolution of surface and internal temperatures during final fatigue period for 

mixture B2.20.35-50. Cycles applied during initial CMT tests and complex modulus 

measurements within recovery periods are not considered. 

A non-linearity envelope was determined for the final fatigue lag by performing a linear 

regression of data obtained during cycles 7-32. 
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 ∆|Etotal
∗ |@100µm/m = |E100000cycles,lag i

∗ | − |E100µm m⁄ ,T0,0cycles,lag i
∗ | (5.37) 

   

 ∆|Etotal,ref:lag 1
∗ |

@100µm/m
= |E100000cycles,lag i

∗ | − |E100µm m⁄ ,T0,0cycles,lag 1
∗ | (5.38) 

   

Similar plots are shown in Appendix B7 also for mixtures A.40.35-50 and 

B2.20.Orthoprène. 

a)  

b)  

Figure 5.45 – Contributions to |E*| evolution for mixture B2.20.35-50B, calculated using: (a, 

top) a different envelope for each fatigue lag; (b; bottom) envelope of fatigue lag #1. Total 

variations are calculated with respect to values of |E*| at 100µm/m (|E*
100µm/m,T0,0cycles,lag i|). 
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Contributions of biasing effects and unrecovered variations of |E*| were also expressed in 

terms of damage, intended as change of |E*| with respect to the estimated value at 100µm/m. 

The same was done for  Δ|E*
total|@100µm/m and Δ|E*

total,ref:lag 1|@100µm/m. Variations estimated with 

respect to |E*
100µm/m,T0,0cycles,lag i| were divided by |E*

100µm/m,T0,0cycles,lag i|. Similarly, Variations 

estimated with respect to |E*
100µm/m,T0,0cycles,lag 1| were divided by |E*

100µm/m,T0,0cycles,lag 1|. The 

following equations describe the calculations carried out: 

   

 Dnonlinearity =
∆|Enonlinearity

∗ |

|E100µm m⁄ ,T0,0cycles,lag i
∗ |

 (5.39) 

   

 Dheating =
∆|Eheating

∗ |

|E100µm m⁄ ,T0,0cycles,lag i
∗ |

 (5.40) 

   

 Dthixotropy =
∆|Ethixotropy

∗ |

|E100µm m⁄ ,T0,0cycles,lag i
∗ |

 (5.41) 

   

 Dunrecovered 24h =
∆|Eunrecovered 24h

∗ |

|E100µm m⁄ ,T0,0cycles,lag i
∗ |

 (5.42) 

   

 D =
∆|Etotal

∗ |@100µm/m

|E100µm m⁄ ,T0,0cycles,lag i
∗ |

 (5.43) 

   

 Dnonlinearity,ref:lag 1 =
∆|Enonlinearity,ref:lag 1

∗ |

|E100µm m⁄ ,T0,0cycles,lag 1
∗ |

 (5.44) 

   

 Dheating,ref:lag 1 =
∆|Eheating,ref:lag 1

∗ |

|E100µm m⁄ ,T0,0cycles,lag 1
∗ |

 (5.45) 

   

 Dthixotropy,ref:lag 1 =
∆|Ethixotropy,ref:lag 1

∗ |

|E100µm m⁄ ,T0,0cycles,lag 1
∗ |

 (5.46) 

   

 Dunrecovered 24h,ref:lag 1 =
∆|Eunrecovered 24h,ref:lag 1

∗ |

|E100µm m⁄ ,T0,0cycles,lag 1
∗ |

 (5.47) 

   

 Dref:lag 1 =
∆|Etotal,ref:lag 1

∗ |
@100µm/m

|E100µm m⁄ ,T0,0cycles,lag 1
∗ |

 (5.48) 
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Regarding the final fatigue lag, damage values D and Dref:lag 1 were evaluated both at 

600,000 cycles, in order to compare them with values obtained at the end of the five 100,000-

cycle lags, and at Nf. Damage values at Nf were called DIII and DIII,ref:lag 1. 

The approach called DIIIC (Section 1.5.4.2) was followed to correct values of damage D 

and Dref:lag 1 by taking into account biasing effects (Baaj, 2002; Baaj et al., 2005; Di Benedetto 

et al., 2004; Tapsoba et al., 2013). However, Equation  (1.128) was adapted to obtain negative 

damage values. Moreover, corrected damage DC was evaluated not only at Nf (DIIIC) but also 

at the end of every fatigue lag and at 600,000 cycles (during final fatigue lag). 

In order to use this method, the highest possible interval before sample failure, among the 

following (i = 0, 1, 2), must be considered to calculate parameter |E*
00i| (extrapolation to 

virtual cycle 0 of the linear regression performed on all cycles of the interval): 

 interval 0 (cycles 40,000-80,000); 

 interval 1 (cycles 50,000-150,000); 

 interval 2 (150,000-300,000). 

For fatigue lags from #1 to #5, interval 0 is always used. The interval is chosen according 

to the number of cycles relative to the fatigue lag. For example, during fatigue lag #3, the 

interval 0 (cycles 40,000-80,000) is calculated using data of cycles 340,000-380,000. 

Similarly, the extrapolation performed to calculate parameter |E*
00i| is carried out to the virtual 

cycle 0 of the considered fatigue lag. During fatigue lag #3, as an example, |E*
00i| is calculated 

at cycle 0 of the fatigue lag, corresponding to cycle 300,000 in the total count. It should be 

noted that the original DIIIC approach estimates parameter |E*
00i| by extrapolating the 

considered interval to cycle 1 instead of 0. 

|E*
100µm/m,T0,0cycles,lag i| is used instead of parameter |E*

0|. 

Applied equations are: 

   

 DC = D + Ci

|E100µm m⁄ ,T0,0cycles,lag i
∗ | − |E00i

∗ |

|E100µm m⁄ ,T0,0cycles,lag i
∗ |

 (5.49) 

   

 
DC,ref:lag 1 = Dref:lag 1 + Ci

|E100µm m⁄ ,T0,0cycles,lag 1
∗ | − |E00i

∗ |

|E100µm m⁄ ,T0,0cycles,lag 1
∗ |

 (5.50) 

   

where Ci is the coefficient explained in Section 1.5.4.2, taking into account the non-linearity 

of the damaging phenomenon, whose values depend exclusively on the interval, as follows: 

   

 C0 =
4

5
 C1 =

3

4
 C2 =

2

3
 (5.51) 

   

Figure 5.46 shows contributions to |E*| evolution for mixture B2.20.35-50B in terms of 

damage. Results are shown both with respect to values of both |E*| at 100µm/m of each 
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fatigue lag (|E*
100µm/m,T0,0cycles,lag i|) and with respect to |E*

100µm/m,T0,0cycles,lag 1|. Corrected 

damage DC is also shown. Similar plots are shown in Appendix B7 also for mixtures A.40.35-

50 and B2.20.Orthoprène. 

a)  

b)  

Figure 5.46 – Contributions to |E*| evolution for mixture B2.20.35-50B in terms of damage: 

(a, top) calculated with respect to values of |E*| at 100µm/m of each fatigue lag 

(|E*
100µm/m,T0,0cycles,lag i|); (b, bottom) calculated with respect to |E*

100µm/m,T0,0cycles,lag 1|. 

Corrected values of damage DC are also shown. 
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An important difference can be observed between values of D and DC (respectively, 

Dref:lag 1 and DC,ref:lag 1). Moreover, corrected damage values DC and, especially, DC,ref:lag 1 are 

close to, respectively, Dunrecovered 24h and Dunrecovered 24h,ref:lag 1. The correction of biasing effects 

made by means of the DIIIC method is therefore coherent with their quantitative estimation 

carried out with the ALFABET test. 

Corrected damage values remain approximately constant until the end of fatigue lag #4. 

A rapid increase of damage, both corrected and uncorrected, can be observed during fatigue 

lag #5 and, above all, during the final fatigue lag, especially after the first 100,000 cycles. A 

possible point of future research is the investigation of the influence of rest periods on the 

laboratory characterization of fatigue resistance and, in particular, of the occurrence of 

damage. 

The same analysis was carried out for variations of phase angle. Contributions of non-

linearity, self-heating and thixotropy to evolution of φ for each lag, together with unrecovered 

variations after the five 24-hour rest periods, are plotted in Figure 5.47 against the total 

number of cycles at the end of each lag, for mixture B2.20.35-50B. Total variations of φ with 

respect to, both φ100µm/m,T0,0cycles,lag i and φ100µm/m,T0,0cycles,lag 1, respectively called 

Δφtotal@100µm/m and Δφtotal,ref:lag 1@100µm/m, are also shown. They are calculated as follows: 

   

 ∆φtotal@100µm/m = φ100000cycles,lag i − φ100µm m⁄ ,T0,0cycles,lag i (5.52) 

   

 ∆φtotal,ref:lag 1@100µm/m = φ100000cycles,lag i − φ100µm m⁄ ,T0,0cycles,lag 1 (5.53) 

   

Plots obtained also for mixtures A.40.35-50 and B2.20.Orthoprène are reported in 

Appendix B7. 
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a)  

b)  

Figure 5.47 – Contributions to φ evolution for mixture B2.20.35-50B, calculated using: (a, 

top) a different envelope for each fatigue lag; (b; bottom) envelope of fatigue lag #1. Total 

variations are calculated with respect to values of φ at 100µm/m (φ100µm/m,T0,0cycles,lag i). 

Phase angle relative variations were evaluated by dividing them by values of φ at 

100µm/m. Similarly to what done for |E*| variations, used equations are: 

   

 Dφ,nonlinearity =
∆φnonlinearity

φ100µm m⁄ ,T0,0cycles,lag i
 (5.54) 
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 Dφ,heating =
∆φheating

φ100µm m⁄ ,T0,0cycles,lag i
 (5.55) 

   

 Dφ,thixotropy =
∆φthixotropy

φ100µm m⁄ ,T0,0cycles,lag i
 (5.56) 

   

 Dφ,unrecovered 24h =
∆φunrecovered 24h

φ100µm m⁄ ,T0,0cycles,lag i
 (5.57) 

   

 Dφ =
∆φtotal@100µm/m

φ100µm m⁄ ,T0,0cycles,lag i
 (5.58) 

   

 Dφ,nonlinearity,ref:lag 1 =
∆φnonlinearity,ref:lag 1

φ100µm m⁄ ,T0,0cycles,lag 1
 (5.59) 

   

 Dφ,heating,ref:lag 1 =
∆φheating,ref:lag 1

φ100µm m⁄ ,T0,0cycles,lag 1
 (5.60) 

   

 Dφ,thixotropy,ref:lag 1 =
∆φthixotropy,ref:lag 1

φ100µm m⁄ ,T0,0cycles,lag 1
 (5.61) 

   

 Dφ,unrecovered 24h,ref:lag 1 =
∆φunrecovered 24h,ref:lag 1

φ100µm m⁄ ,T0,0cycles,lag 1
 (5.62) 

   

 Dφ,ref:lag 1 =
∆φtotal,ref:lag 1@100µm/m

φ100µm m⁄ ,T0,0cycles,lag 1
 (5.63) 

   

Equations used to apply the DIIIC approach were adapted to correct phase angle relative 

variation values. Equations (5.49) and (5.50) were changed into the following  expressions: 

   

 DφC = Dφ + Ci

φ100µm m⁄ ,T0,0cycles,lag i − φ00i

φ100µm m⁄ ,T0,0cycles,lag i
 (5.64) 

   

 
DφC,ref:lag 1 = Dφ,ref:lag 1 + Ci

φ100µm m⁄ ,T0,0cycles,lag 1 − φ00i

φ100µm m⁄ ,T0,0cycles,lag 1
 (5.65) 

   

where φ00i is the extrapolation to the virtual cycle 0 of the linear regression performed on all 

cycles of the interval (i = 1, 2, 3 as in Equations (5.49) and (5.50)). 

Relative variations calculated for mixture B2.20.35-50B with Equations from (5.54) to 

(5.65) are shown in Figure 5.48. Data obtained also for mixtures A.40.35-50 and 

B2.20.Orthoprène are plotted in Appendix B7. 
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a)  

b)  

Figure 5.48 – Contributions to φ evolution for mixture B2.20.35-50B in terms of relative 

variations: (a, top) calculated with respect to values of φ at 100µm/m of each fatigue lag  

(φ100µm/m,T0,0cycles,lag i); (b, bottom) calculated with respect to φ100µm/m,T0,0cycles,lag 1. Corrected 

relative variation values DφC are also shown. 

Obtained results confirm the observations already made regarding DC and DIIIC values. 

However, a non-negligible decrease of DφC is observed after fatigue lag #2. This unexpected 

result is not coherent with the physical interpretation of the fatigue phenomenon, therefore it 

should be attributed to the uncertainty of the estimation of phase angle variations.  
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DφIIIC appear to be close to relative unrecovered phase angle variations estimated with the 

ALFABET test. 

Further research work is needed to validate these findings. Repeatability of results of the 

ALFABET test should also be studied. 

Figure 5.49 shows a summary of results obtained for mixture B2.20.35-50B based on 

complex modulus and phase angle variations. 

a)  

b)  

Figure 5.49 – Values of (a, top) D and DC and (b, bottom) Dφ and DφC estimated for mixture 

B2.20.35-50B. 
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Similar values are obtained for corrected damage values, both for complex modulus and 

phase angle variations, calculated by considering a different envelope for each fatigue lag or 

taking only values obtained for fatigue lag #1 as a reference. In fact, values of DC and  

DC,ref:lag 1 are significantly close to each other, similarly to values of DφC and DφC,ref:lag 1. 

Summaries of all damage values (corrected and not) obtained for mixtures A.40.35-50, 

B2.20.35-50B and B2.20.Orthoprène are presented from Table 5.27 to Table 5.29. 

Values of DIIIC and DIIIC,ref:lag 1 obtained for the three materials are not constant. This 

result differs from conclusions of Tapsoba et al. (2013), showing that different bituminous 

mixtures subjected to classical fatigue tests failed with DIIIC values of approximately 20%. 

However, the results presented in this section have been obtained with a different type of test, 

including rest periods. Further research is needed to clarify this difference between results. No 

comparison is available for DIIIφC and DIIIφC,ref:lag 1 with previous studies. As for DIIIC and 

DIIIC,ref:lag 1, DIIIφC and DIIIφC,ref:lag 1 values differ for the three considered mixtures. 

Table 5.27 – Summary of damage values obtained for mixture A.40.35-50, based on complex 

modulus and phase angle variations. 

 

fat. lag #1 100000 -8.7% -8.7% -4.6% -4.6%

fat. lag #2 200000 -9.4% -9.6% -4.2% -4.2%

fat. lag #3 300000 -9.9% -10.4% -4.1% -4.2%

fat. lag #4 400000 -10.4% -10.9% -4.2% -4.3%

fat. lag #5 500000 -10.9% -11.6% -4.4% -4.5%

600000 -11.2% -11.8% -4.3% -4.4%

Nf = 1666778 -41.7% -42.2% -34.9% -34.9%

fat. lag #1 100000 24.3% 24.3% 13.1% 13.1%

fat. lag #2 200000 25.2% 26.8% 11.1% 11.5%

fat. lag #3 300000 25.6% 28.3% 10.1% 10.8%

fat. lag #4 400000 26.5% 29.8% 10.0% 10.8%

fat. lag #5 500000 27.5% 31.3% 10.1% 11.0%

600000 27.7% 32.0% 9.9% 10.9%

Nf = 1666778 54.9% 60.1% 38.0% 40.4%

DjIIIC DjIIIC,ref: lag 1DjIII DjIII,ref: lag 1

DC,ref:lag 1

final fat. lag

total cycles

total cycles

final fat. lag

A.40.35-50.R3

DIII DIII,ref:lag 1 DIIIC DIIIC,ref:lag 1

D Dref:lag 1 DC

Dj Djref: lag 1 DjC DjC,ref: lag 1
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Table 5.28 – Summary of damage values obtained for mixture B2.20.35-50B, based on 

complex modulus and phase angle variations. 

 

Table 5.29 – Summary of damage values obtained for mixture B2.20.Orthoprène, based on 

complex modulus and phase angle variations. 

fat. lag #1 100000 -19.9% -19.9% -9.8% -9.8%

fat. lag #2 200000 -20.7% -22.2% -8.6% -8.8%

fat. lag #3 300000 -22.0% -24.3% -8.7% -9.0%

fat. lag #4 400000 -23.3% -26.0% -9.0% -9.3%

fat. lag #5 500000 -25.8% -28.8% -11.1% -11.5%

600000 -31.4% -34.9% -15.4% -15.6%

Nf = 684247 -44.0% -46.8% -28.5% -28.3%

fat. lag #1 100000 45.3% 45.3% 22.7% 22.7%

fat. lag #2 200000 42.1% 50.5% 17.5% 19.7%

fat. lag #3 300000 42.1% 54.4% 16.2% 19.4%

fat. lag #4 400000 43.5% 58.2% 16.6% 20.3%

fat. lag #5 500000 45.3% 62.2% 17.9% 22.3%

600000 47.0% 67.2% 18.3% 23.6%

Nf = 684247 52.3% 73.2% 24.1% 30.9%

DjIII,ref: lag 1 DjIIIC DjIIIC,ref: lag 1DjIII

total cycles

final fat. lag

total cycles

final fatigue lag

B2.20.35-50B.C2

DIII DIII,ref:lag 1

DC

DIIIC

DC,ref:lag 1

Dj Djref: lag 1 DjC DjC,ref: lag 1

D Dref:lag 1

DIIIC,ref:lag 1

fat. lag #1 100000 -24.1% -24.1% -9.0% -9.0%

fat. lag #2 200000 -23.3% -24.7% -8.3% -8.5%

fat. lag #3 300000 -23.2% -25.5% -8.0% -8.3%

fat. lag #4 400000 -23.3% -25.7% -7.9% -8.3%

fat. lag #5 500000 -23.3% -26.0% -7.9% -8.3%

600000 -23.4% -26.3% -7.9% -8.3%

Nf = 5959637 -34.5% -37.0% -19.3% -19.9%

fat. lag #1 100000 35.1% 35.1% 13.8% 13.8%

fat. lag #2 200000 32.3% 35.9% 11.7% 12.6%

fat. lag #3 300000 31.6% 37.0% 11.3% 12.5%

fat. lag #4 400000 31.5% 37.4% 11.2% 12.6%

fat. lag #5 500000 31.3% 37.7% 10.9% 12.5%

600000 31.2% 38.2% 10.9% 12.5%

Nf = 5959637 45.9% 53.6% 25.6% 28.7%

DjIII DjIII,ref: lag 1 DjIIIC DjIIIC,ref: lag 1

final fatigue lag

total cycles

final fatigue lag

DjC

B2.20.Orthoprène.L2

DIII DIII,ref:lag 1 DIIIC DIIIC,ref:lag 1

total cycles

Dj Djref: lag 1 DjC,ref: lag 1

Dref:lag 1D DC,ref:lag 1DC
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Conclusions and perspectives 

The objective of the study is the characterization of mechanical performances of 

bituminous binders and mixtures produced with Reclaimed Asphalt Pavement (RAP). Linear 

ViscoElastic (LVE) and fatigue resistance properties have been investigated. In particular, the 

relation between thermomechanical properties of binders and related mixtures has been 

studied. For each mixture, the corresponding binder blend was produced, by mixing the base 

bitumen with RAP-extracted binder in the same proportions. These blends were tested to 

further investigate the relation between binder and mixture properties. 

LVE and fatigue resistance performances of bitumens were obtained by means of 

Dynamic Shear Rheometer (DSR) and tension-compression tests. Two-point bending and 

tension-compression tests were performed on bituminous mixtures. 

Three comprehensive experimental campaigns, called Campaign A, Campaign B1 and 

Campaign B2, have been carried out. The main objective of Campaign A is the quantitative 

estimation of the influence of RAP material content (0%, 20%, 40% and 60%) and fresh 

added binder penetration grade (15/25, 35/50 and 70/100) on LVE and fatigue properties of 

bituminous materials. Campaign B1 consists in a qualitative evaluation of the influence of the 

variation of selected mixture design parameters (aggregate nature, grading curve, filler nature, 

binder content and binder nature) on complex modulus and fatigue resistance of bituminous 

mixtures containing 20% of RAP material. Campaign B2 is a complement to Campaign B1. It 

is specifically focused on the influence of bitumen nature on mechanical performances of 

bituminous mixtures, also containing 20% of RAP material. 

In this section, conclusions drawn from obtained experimental results and performed 

analyses are summarized. 

Regarding LVE properties: 

 DSR (from -17.6°C to +70°C and from 0.01 Hz to 100 Hz) complex modulus tests 

were performed on all bitumens of Campaign A (base bitumens, RAP-extracted 

binder and nine binder blends). Measured complex modulus values at low 

temperatures appear lower than expected. It is suspected that these values are not 
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correct because of experimental limitations of the DSR device at low temperatures. 

For this reason, tension/compression tests were performed on bitumen blends of 

35/50 and RAP-extracted binders. Tension/compression data were used to replace 

DSR data obtained at temperatures lower than +10°C, thus obtaining new DSR+TC 

sets of data. Experimental results obtained on these sets of data appear more coherent 

with expected values and literature findings. 

 Data obtained for all blends with DSR tests were successfully modeled using 

2S2P1D model. 2S2P1D parameters and temperature shift factors aT (at any 

temperature) of all blends show progressive variations with the increase of RAP 

binder content. In particular, parameters E0, δ and β follow a linear trend with the 

percentage of RAP-extracted binder, while τ0 and shift factors aT follow a 

logarithmic trend. Parameters k and h do not vary significantly. A non negligible 

scatter was obtained only for parameter E0, probably due to the experimental 

limitations of DSR measurements at low temperatures. 

  For blends produced with 35/50 base binder, both DSR and DSR+TC data sets were 

modeled and were compared. Different values were obtained for 2S2P1D parameters 

of the same blends, depending on the data set used (DSR or DSR+TC). Linear trends 

with RAP content were also obtained when using DSR+TC data sets, but eventually 

with different coefficients. A significant reduction of scatter was observed for values 

of parameter E0 based on DSR+TC data sets. 

 A new method is proposed to estimate 2S2P1D parameters and temperature shift 

factors of bitumen blends, depending only on blending proportions and values of 

2S2P1D parameters and shift factors of base and RAP binders. Estimated 2S2P1D 

parameters and shift factors yielded successful simulations of LVE behavior of all 

blends over the whole temperature and frequency range. 

 A similar approach was attempted for bituminous mixtures. Nine mixtures of 

Campaign A were tested (eight mixtures produced with base binders 15/25, 35/50 

and 70/100, containing from 0% to 60% of RAP and a 100% RAP mixture, produced 

only with RAP-extracted binder). Tension-compression complex modulus tests were 

performed (at imposed temperatures from -25°C to 40°C and from 0.001 Hz to 10 

Hz). 2S2P1D model was successfully fitted on obtained complex modulus data for 

all mixtures. Normalized t0 values of blends and mixtures show different variation 

trends, probably explained by incomplete blending of RAP and fresh binder within 

the mixture. 

Regarding |E*| at 15°C, 10 Hz (obtained with two-point bending tests for mixtures and 

DSR tests for binders): 
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 Complex modulus values of the 21 mixtures of Campaign A were fitted with a 

quadratic response surface, as a function of fresh binder penetration grade and RAP 

content. These two factors showed non negligible interaction. 

 |E*| values of the seven mixtures of Campaign A produced with a recycling agent are 

slightly lower than values measured for corresponding regular mixtures. Minimal or 

negligible variations of |E*| values can be observed for mixtures produced with the 

recycling agent with increasing RAP material content. A possible explanation of this 

result is that the dosage of the recycling agent (whose effect is similar to that of a 

fluxing agent) was fixed as a percentage of RAP bitumen included in the mixture. 

 The "total blend" case was reproduced, that is a mixture produced with RAP, in 

which RAP binder and fresh added binder are perfectly blended. A two-point 

bending complex modulus test was performed at 15°C, 10 Hz on the "total blend" 

mixture. Obtained results were compared with data measured for both the regular 

mixture and a third mixture produced with the same components and according to the 

regular procedure but adding the recycling agent. Different |E*| values were obtained 

for the three mixtures, thus supporting the hypothesis of incomplete blending 

between fresh and RAP binders within the regular mixture. 

 A statistical analysis was carried out for two-point bending complex modulus test 

results (|E*| at 15°C, 10 Hz) obtained for the 16 mixtures of Campaign B1. All mix 

design parameters (aggregate nature, grading curve, filler nature, binder content and 

binder nature) turned out to be statistically significant. In particular, binder content 

and nature were observed to be mutually dependent. Moreover, in spite of various 

literature findings, hydrated lime filler did not appear to cause a complex modulus 

increase with respect to limestone filler. 

 Eight mixtures were produced in Campaign B2, using different unmodified and 

modified base bitumens. All mixtures have a 20% RAP content. For each mixture, 

the corresponding base binders and binder blends were tested. Complex modulus of 

mixtures varies significantly depending on the different base binders used for 

production. However, a clear correspondence between values of complex moduli 

obtained for bitumens and mixtures could not be observed. Moreover, rankings of 

bitumens and mixtures according to their complex modulus values at 15°C, 10 Hz do 

not appear to match.  

Regarding fatigue properties: 

 Unexpected results were obtained for DSR fatigue tests performed on bitumens. 

Validity of data and pertinence of tests should be reconsidered. 

 The addition of RAP material to mixtures did not determine a deterioration of 

obtained fatigue resistance parameters ε6, γ6 and 1/b of bitumens and mixtures. In 
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particular, most of the mixtures containing RAP have equal or higher ε6 values than, 

both, mixtures produced with the same base binder without RAP and the 100% RAP 

mixture. The same tendency is observed for parameter 1/b. Furthermore, five of the 

nine mixtures containing RAP (excluding the 100% RAP mixture) fulfill the 

requirement for ε6 of High Modulus Asphalt (EME) materials (ε6 ≥ 130µm/m). 

 Poor correlations were found for ε6 and γ6 of bitumens and mixtures and for 

corresponding 1/b values, indicating that the influence of the addition of RAP on 

fatigue parameters ε6 and 1/b of mixtures is not directly related to variation of fatigue 

parameters γ6 and 1/b of corresponding bitumens. 

 Similarly to what done for complex modulus values, response surfaces were fitted to 

ε6 and 1/b parameters obtained for the twelve mixtures of Campaign A, as functions 

of RAP content and fresh binder penetration grade. A quadratic model similar to the 

one used for complex modulus test results was not capable of adequately fitting ε6 

values. On the contrary, parameters 1/b were adequately fitted by the previous 

quadratic model. 

 Higher values of fatigue parameter ε6 were obtained for most of the mixtures of 

Campaign A with a RAP content equal or higher than 40% when the recycling agent 

was used for production. Values of parameter 1/b obtained for all mixtures 

containing the recycling agent were higher than values of corresponding mixtures 

without agent. 

 ε6 and 1/b parameters obtained for mixtures of Campaign B1 were statistically 

analyzed, using the procedure followed for complex modulus values. The influence 

of factor level variations (and interactions between binder content and all other 

factors) were estimated by performing ANOVA analysis. Parameter ε6 appeared to 

be significantly influenced by aggregate nature, grading curve and binder content-

binder nature interaction. As for complex modulus, using hydrated lime did not cause 

a ε6 improvement with respect to limestone filler. No conclusive findings could be 

derived about the influence of mixture design factors on fatigue parameter 1/b. 

 DSR and two-point bending tests were performed on, respectively, the 16 binders 

and the eight mixtures of Campaign B2. Lower γ6 values were obtained for blends 

containing 20% RAP with respect to corresponding base bitumens. Instead, 

parameter 1/b does not appear to be specifically influenced by the addition of RAP 

binder. Regarding mixtures, parameters ε6 and 1/b show important variations among 

tested materials, depending on the nature of the used base binder. Although SBS 

modification appears to improve fatigue performances of bitumens and 

corresponding mixtures, the increase of SBS content did not yield a significant 

improvement of parameter ε6. Based on obtained results, the adequacy of punctual 
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measurements (at specific temperatures and frequencies) to characterize properties of 

bituminous materials for design purposes should be rethought. 

 A new tension-compression test protocol (called ALFABET test, for Advanced 

Laboratory Fatigue And Biasing Effects Test) was developed to isolate and quantify 

biasing effects (non-linearity, self-heating and possibly thixotropy) and unrecovered 

variations of LVE properties occurring during fatigue tests on bituminous mixtures. 

Implemented test procedure is composed of two parts. The first part consists of 

complex modulus tests at imposed temperatures and strain levels ranging, 

respectively, from 8°C to 14°C and from 50µm/m to 110 µm/m. Based on complex 

modulus results, regression equations were successfully fitted in order to estimate 

variations of |E*| and φ with temperature and applied strain level. In the second part 

of the test procedure, five 100,000-cycle fatigue lags are carried out, at a 100 µm/m 

applied strain level. After each fatigue lag, a 24-hour rest period is maintained. 

During this part of the procedure, thermal chamber temperature is always kept at 

10°C. Short complex modulus tests are performed at fixed intervals during rest 

periods, in order to monitor |E*| and φ recovery. Finally, repeated loading is applied 

until sample failure (final fatigue lag), similarly to a classical fatigue test. Surface 

and internal temperature of samples are measured throughout the whole test, to take 

into account the self-heating phenomenon, due to energy dissipation. During fatigue 

lags, internal temperature of samples increased significantly. During the 24 hour rest 

periods, temperature rapidly decreased to the initial value, reaching thermal chamber 

temperature. Obtained results confirm that internal temperature increase is related to 

viscous energy dissipation. Based on all described observations, quantitative 

estimation of different biasing effects and unrecovered LVE properties observed 

during fatigue lags was performed. The analysis carried out on ALFABET test 

results lead to the following conclusions, for mixtures A.40.35-50 (base binder 35/50 

and 40% of RAP material), B2.20.35-50B (base binder 35/50 B and 20% of RAP 

material) and B2.20.Orthoprène (base binder Orthoprène® and 20% of RAP 

material): 

− 90% of total variations observed for |E*| and φ during each fatigue lag 

(considered separately) are completely reversible and cannot be 

considered as "real" damage. For this reason, it is of primary interest 

distinguishing restoration from real damage and recovery of reversible 

variations of material properties when focusing on the so called "healing 

properties" of asphalt mixtures. 

− Among the recoverable variations, the main contributions are given by 

non-linearity and thixotropy. Self-heating has a substantially lower effect 

(approximately 10% of total variations of LVE parameters).  
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− After the same number of applied loading cycles, biasing effects affect 

performances of mixtures A.40.35-50 and B2.20.Orthoprène more than 

mixture B2.20.35-50B. Therefore, more important unrecovered |E*| and φ 

variations are estimated for this material than for the other two mixtures. 

Mixture B2.20.Orthoprène is the most affected by non-linearity effects 

(more than 50% of total |E*| and φ variations) and the least affected by 

thixotropy effects. The opposite tendencies are observed for mixture 

A.40.35-50. Mixture A.40.35-50 shows the greatest influence of self-

heating, while less than 10% of total |E*| and φ variations observed for 

mixtures B2.20.35-50B and B2.20.Orthoprène are explained by this 

phenomenon. 

− Unrecovered |E*| and φ variations observed during the first fatigue lag 

(100,000 cycles) are greater than variations observed during any of the 

following fatigue lags. 

− Results of the final fatigue lag of the ALFABET test were analyzed to 

determine fatigue life of samples. ENTPE DIIIC approach was applied to 

correct test results from biasing effects. Obtained results were compared 

with estimations of biasing effects performed during the five fatigue lags 

and corresponding rest periods. The two analyses yield coherent results. 

Corrected damage values do not show significant increases during the first 

four fatigue lags, while they indicate a rapid deterioration of LVE 

properties during the fifth and especially the final fatigue lags. 

− Different values of corrected damage at failure were obtained for the three 

considered mixtures. 

 

Several points of the study are worth of future investigation. In particular: 

 The proposed method to estimate LVE properties of bitumen blends is promising, 

but still needs validation on a larger number of different binders. 

 Actual degree of binder blending within mixtures produced with RAP should be 

thoroughly investigated. Analytical models and numerical simulations (such as 

discrete models or the Self Consistent Model) can be used to consider different 

blending conditions, in order to compare results with experimental data. 

 Further investigation should also be carried out on the relations between binder and 

mixture mechanical properties. In particular, correspondences between fatigue 

performances of mixtures and binder properties should be analyzed. 

 Results of ALFABET tests should be validated on a larger number of samples and 

mixtures. Comparisons with equivalent tests on corresponding bitumen and mastics 
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are worth considering. The influence of rest periods on laboratory characterization of 

fatigue resistance is a key issue. Further development of the test procedure can also 

be considered, taking into account different rest period durations. Mechanisms of 

damage occurrence appear to be of primary importance to understand the fatigue 

phenomenon. Differences between self-healing of cracks and recovery of LVE 

properties should be studied. 

 An important number of conclusions are drawn in the study based on laboratory 

measurements and related analyses. Validation with in-situ observations on field 

performances should be performed. 
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