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RESUME

Cette thése de doctorat a été développée au Laberde Tribologie et Dynamique des
Systemes (LTDS) de I'Ecole Nationale des Travauslieside I'Etat (ENTPE), France. Il fai-
sait partie d'un partenariat entre les sociétégaiges Afitexinov et EIFFAGE Infrastructures.

Il a également bénéficié du soutien du programrésilen de science sans frontieres du CNPq.
L'objectif de cette étude est de contribuer au kd@pement de nouveaux géosynthétiques
structurés pour le renforcement des couches biteuses des chaussées, ainsi que de méthodes
de dimensionnement transférables vers l'ingéni&meplus de fournir des informations utiles
qui pourraient permettre la proposition d'une ndlev@éthode de conception pour les struc-
tures de chaussées renforcées. A cette fin, cimplexes de plaque ont été congues, quatre a
deux couches et une entiere, contenant le mémedtgpeobé bitumineux quelle que soit la
configuration. A partir des plaques a deux couctress ont été renforcées par la combinaison
de deux géogrilles en fibre de verre (résistarledraction maximale de 50 et 100 kN/m) avec
deux émulsions comme couche d'accrochage (bitumeetpmodifié par SBS). La derniére
plaque bi-couche était non renforcée, ne conteqaadu bitume en émulsion pur a son inter-
face. Des échantillons cylindriques et en form@algtre ont été carottés dans les plaques afin
de mener quatre campagnes expérimentales.

La premiére campagne expérimentale a porté swarkctérisation du comportement des
eprouvettes cylindriques renforcées par une gdegil fibre de verre dans le domaine de pe-
tites déformations a l'aide de essais cycliquésagtion-compression, appelés essais de module
complexe. Une nouvelle méthode d'analyse d'interfia&té proposée pour les essais de module
complexes sur les échantillons renforcés par go@ti ayant l'interface orientée perpendicu-
lairement a la direction longitudinale de I'échldonii cylindrique. D'apres les résultats des tests,
le comportement d'interface obtenu était viscorgjastlinéaire (VEL) et il pourrait &tre modé-
lisé par le modele 2S2PD. Cependant, un niveaubaésle mobilisation des géogrilles a été
observé pendant le test.

La deuxieme campagne expérimentale a porté sardet@risation a la charge de traction
axiale monotone. Trois températures (0, 19 et 40 )Eté combinées avec deux vitesses de
déformation (2 et 0,002%/min) pour la caractérisatLa déformation d'interface a été mesurée
et l'interface non renforcée a présenté la résistartraction plus élevée par rapport les échan-
tillons renforcés puisque la géogrille diminue laface de liaison efficace entre les couches
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d’enrobé. Encore une fois, la géogrille n'étaitipas mobilisée, peut-étre a cause du glissement
de l'interface.

La troisieme campagne expérimentale concernadractérisation a la fatigue. Des essais
de traction-compression sinusoidale a 10°C, 10tlzdéformation contrélée a différentes am-
plitudes (80, 90, 100 et 110n/m) ont été effectués. Les différents complexésgmtaient une
sensibilité distincte a la variation d'amplitudedi#gormation des courbes de Wdohler. Pour la
méthode de dimensionnement francaise des chausstas,le parametra obtenu dans ce
travail, I'effet de renforcement de la géogrillaienégligeable. Cependant, le paramétre de
pente de la courbe de Wohler BjLd montré une contribution positive de la géogrilotam-
ment celui contenant du SBS dans la couche d'dtagec

La quatrieme campagne expérimentale a porté starkctérisation sur la résistance a la
propagation des fissures. L’essatr-point bending notched fractu(€PBNF), développé au
LTDS/ENTPE, a été réalisé sur les échantillonswyaitigues en forme de poutre. Un dispositif
de corrélation d'image numérique (DIC) 3D a étlisétpour calculer le champ de déformation
pendant la propagation de la fissure ainsi quehsoiteur. Un plateau de force, proportionnel a
la résistance maximale a la traction de la geegrdl été observé dans les résultats pour les
échantillons renforcés liés a la mobilisation dgéagrille lors de I'essai. L'analyse DIC a mis
en évidence la propriété de soulagement des cotésailue a la présence de géogrilles.

Mots clés Enrobé bitumineux, géogrille en fibre de verredule complexe, traction, fa-

tigue, propagation de fissure



Abstract

ABSTRACT

This doctoral dissertation was developed at theotatbry of Tribology and Dynamics of
Systems (LTDS +aboratoire de Tribologie et Dynamique des Syst¢raetheEcole Natio-
nale des Travaux Publics de I'Et@NTPE), France. It was part of a partnership ketwthe
French companies Afitexinov and EIFFAGE Infrastases. It also had the support of the Bra-
zilian science without borders program from CNPloe Bbjective of this study is to contribute
to the future development of new geosyntheticsnoiggd to the reinforcement of bituminous
mixtures. As well as to provide useful informatitirat could allow the proposition of new
design method for reinforced pavement structureshi end, five slab configuration was con-
ceived, four bi-layered and one whole, containlmggame type of bituminous mixture regard-
less of the configuration. From the bi-layered s|dabree were reinforced with the combination
of two fiberglass geogrids (50 and 100kN/m maxintensile strength) with two emulsions as
tack coat (bitumen pure and modified by SBS). Hs¢ bi-layered slab was unreinforced, con-
taining only emulsion bitumen pure on its interface

The first experimental campaign concerned the dbarnization of the behavior of cylin-
drical specimens reinforced by fiberglass geogria small strain domain using cyclic tension-
compression tests, called complex modulus testse interface analysis method was pro-
posed for complex modulus tests of specimens naatbby geogrid and having the interface
oriented perpendicularly to the longitudinal difentof the cylindrical sample. From test re-
sults, the interface behavior obtained was lingsgoelastic (LVE) and it could be modeled by
2S2PD model. However, a considerable low levelemiggid mobilization was observed during
the test.

The second experimental campaign concerned charatien at monotonic axial tension
loading. Three temperatures (0, 19, and 40°C) wenebined with two strain rates of loading
(2 and 0.002%/min) to the tension characterizatioterface strain was measured and the un-
reinforced interface presented the higher tensiength then the reinforced specimens since
the geogrid decreases the effective bonding sulfatveeen mixture layers. One more time, the
geogrid was not highly mobilized possibly due te #fippage in the interface.

The third experimental campaign concerned fatigweacterization. Sinusoidal tension-
compression tests at 10°C, 10Hz, and controllednsat different amplitudes (80, 90, 100, and
11Qum/m) were carried out. The different configuratiggresented distinct susceptibility to

-10 -
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strain amplitude variation of Wohler curves. Fa #rench design method for pavements, ac-
cording to the paramete6 obtained in this work, the geogrid reinforcemeifiéct was negli-
gible. However, the Wohler curve slope (-1/b) pagtenshowed a positive contribution by the
geogrid, especially containing SBS in the tack coat

The fourth experimental campaign concerned thekgoaapagation resistance characteri-
zation. Four-point bending notched fracture (FPBS) was carried out using specimens in a
beam shape. 3D Digital Image Correlation (DIC) dewvas used to calculate the strain field
during the crack propagation as well as its tipfofce plateau, proportional to the geogrid
maximum tensile strength, was observed in reinfbresults related to the mobilization of the
geogrid during the test. The DIC analysis evidertbedstress-relief property due to the geogrid

presence.

Keywords: Bituminous mixtures, fiberglass geogrid, comphardulus, tension, fatigue re-

sistance, cracking propagation resistance
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MAIN SYMBOLS

Symbol Definition

Av Air voids in bituminous mixture

o(t) Normal stress signal, as a function of time

g (t) Axial strain signal, as a function of time

& (t), &5(t) Orthogonal transverse strains with respeet, {0)
£9j, O Amplitude of a given signal

f Loading frequency

W Loading pulsation (angular frequency)

C, C Williams-Landel-Ferry equation constants

T Temperature

Tret Reference temperature for a mastercurve

ar Time-shift factor from Time-Temperature Superpasiti
E andD Elastic Young’s modulus and elastic compliance
v Elastic Poisson’s ratio

E*, v* Complex modulus, and complex Poisson’s ratio
|[E*|, |v*] Norm of a given complex property

Qp*y Py* Phase angle of a given complex property

7 Phase angle

E, = Real (E*) Real part of complex modulus

E, =Img (E") Imaginary part of complex modulus

E} Bituminous mixture complex modulus of reinforce@simen
E; Interface layer complex modulus of reinforced spexi
K¢ Complex interface stiffness

EA Axial strain of the bituminous mixture

£G Axial strain of the interface layer

Au Interface displacement gap

N Number of applied cycles

Nt Number of cycles at fatigue failure

€6 Strain amplitude corresponding to one million cgdeading fatigue life
a Crack tip height during cracking propagation
Gt Fracture energy restitution rate
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Chapter 1: INTRODUCTION

Roadways are one of the most used infrastructuramsport people and goods around the
world. Since the beginning of human civilizatiorganization, roads constructions were nec-
essary to allow people’s traveling and economictiyment. Alongside human evolution, the
roadways construction were also progressing ingesfitechnics, materials and performance.
In these days, good quality roadways are capalbiedofcing the travel time between cities and
vehicles maintenance costs. From engineering pbwiew, the roadways are pavement struc-
tures composed by multi-layers. Most pavementsratdlie world are flexible, which contains
a bituminous mixture in the surface layer.

The rehabilitation and maintenance of flexible paeats are fundamental to assure an
optimal state of utilization and safety for the uge addition, high deterioration level in road-
ways could lead to their complete loss of servidigbwhich justifies the importance of the
maintenance. Moreover, to repair deteriorated r@gdwthe governments shall spend huge
amounts of money, meantime the maintenance castaach smaller and effective to keep the
roadway serviceability. Thus, advance and newesjras are necessary in order to avoid early
deterioration and extend pavement’s life. For thason, new materials have been proposed to
improve the pavements properties. In rehabilitatibpavements, steel meshes were employed
in the 1950s and 1960s for the reinforcement cderstructures. Evidence showed a reduction
in rutting and cracking, as consequence of thdamament action (Brown et al. 1985; COST
Action 2006). Interlayer reinforcement emergechie 1930s as a solution to improve pavement
structure performance by using woven cotton sheetgersed in liquid bitumen (Beckham and
Mills 1935; Beck 1999). In the 1970s when the Arman Federal Highway Administration
(FHWA) instituted the “National Experimental Evaliosm Program” to reduce reflective crack-
ing in roadways (FHWA 1974, Carver and Sprague 20@d@ny interlayer systems have been
analyzed by the pavement community ever since, grtiemrange of available commercialized
products, such as, sand asphalt; SAMIs (StressrBlsgpMembrane Interlayers, composed by
a blend of bitumen and rubber.); fabrics or gedestgrids (steel, fiberglass and polymeric);
and composites thereof (Vanelstraete and Frank8d;1Q0ST Action 2006; South Africa
2008).

More recently, the use of fiberglass geogrids plaicebituminous mixtures layers has
increased as a technical solution to rehabilitaieepents, extend its service life and reduce

maintenance costs (de Bondt 2012). They could éé iss both rehabilitation and construction
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of new bituminous pavements (GMA 2002; COST Ac96). The reinforcement by geogrid
can be effective to reduce the main distressegexible pavements worldwide, rutting and
cracking. According to some authors, fiberglassggels are preferable for presenting high-
tension resistance and flexibility at once (Ngugeal. 2013b). It is also thermally and chemi-
cally stable at mixing temperatures for bituminaugtures (Darling and Woolstencroft 2004),
and easily removable by milling in the case ofHartpavement maintenances. Many works
also indicated that the fiberglass geogrid presbatter performance to cracking resistance
when compared to the other types of geogrids (L{@88; de Bondt 1999; Brown et al. 2001;
Canestrari et al. 2015). Geogrids are also effeaiivthe reinforcement of unbound (granular)
layers (Mamatha et al. 2019) and concrete pavenfahtdedad and Hadi 2019).

According to Vanelstraete and Franken (1997), ypes$ of tests are majorly found in the
literature for the characterization of bituminoustures reinforced by geogrids: adhesion tests
and cracking resistance tests. Regarding the amthebaracterization, many different tests are
found in the literature: Leutner test (Sagnol eR@ll9), Wedge splitting test (Jamek et al. 2012;
Tschegg et al. 2012), ASTRA test (Ferrotti et @112, Canestrari et al. 2015; Pasquini et al
2015; Graziani et al. 2017) and double shear (Zstmora-Barraza et al. 2010; Cho et al. 2016;
Noory et al. 2017). Regarding the cracking resrstatests, some authors used three points
bending (3Pb) test (Romeo et al. 2014; Canestrati 2015; Graziani et al. 2016; Zofka et al.
2016), four points bending (4Pb) test (Virgili &t 2009; Ferroti et al. 2011; Canestrari et al.
2015; Safavizadeh et al. 2015; Arsenie et al. 2@h@l) other different bending tests (Komatsu
et al 1998; Khodaii et al. 2009; Millien et al. Z)Dbando-Ante & Palmeira 2015; Gonzalez-
Torre et al. 2015; Fallah & Khodaii 2015; Pasquehial. 2014; Gonzalez-Torre et al. 2016;
Nejad et al. 2016). Besides, some authors useduresperiments by building experimental
roads reinforced by geogrids (Hornych et al. 20N@uyen et al. 2013b; Graziani et al. 2014;
Canestrari et al. 2015). Mentioned works indicadedoticeable improvement in the perfor-
mance of the bituminous mixtures due to the recdorent, retarding the cracks initiation and
propagation. Moreover, in recent works, Digital eaCorrelation (DIC) technique was found
to be an advantageous tool allowing the identifocadf different failure mechanisms during
the crack propagation in reinforced beams and stptiie stress-relieving capacity of geogrid
reinforcements (Romeo et al. 2014; Canestrari @04l5). Interlayer reinforcement by geogrids
Is believed to work as a stress-relieving and claatging component and thus, effective to
delay reflective cracking (de Bondt 1999). Soméhard present evidences the geogrid rein-

forcement is also effective to control permanerfbieation in pavements (Komatsu et al.
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1998; Laurinavicius & Oginskas 2006; Khodaii et24109; Graziani et al. 2014; Guler & Atalay
2016; Mounes et al. 2016; Correia & Zornberg 2018).

Despite the advances recently made concerning imafheasd crack propagation of bitumi-

nous mixtures reinforced by fiberglass geogridghter characterizations still need to be done.

Those, from which the mechanical behavior of thisrlayer system could be fully understood.

Especially those linking with the pavement struesudesign. In addition, the reinforcement

optimal location in bituminous mixtures is stilsabject of discussion.

Regarding the presented context, this researchisrgkobjective is to contribute to the

future development of new geosynthetics optimizethe reinforcement of bituminous mix-

tures. As well as to provide useful information efhcould allow the proposition of new design

method for reinforced pavement structures. In tigsaitation framework, the following spe-

cific objectives are:

To verify the effect of fiberglass geogrid on thehbhvior of reinforced cylindrical
specimens, cored in different slab directions, ettied to cyclic tension-compres-
sion tests at small strain loading amplitude. Iditoh, the effect of maximum
geogrids strength and the polymer modificationaféa the emulsion used as tack
coat.

To evaluate the LVE behavior and maximum tensiengjth of interfaces contain-
ing or not fiberglass geogrid, and with pure bitanoe polymer modified emulsion
used as tack coat.

To verify the contribution of the fiberglass geabto the tensile strength of rein-
forced bituminous mixtures. Furthermore, to assessnfluence of maximum ge-
ogrids strength on the bituminous mixtures tensiength.

To evaluate the influence of the presence of filassygeogrid and its maximum
tensile strength on fatigue life of bituminous mds. Moreover, the influence of
the type of emulsion tack used as tack coat (piuenien or polymer modified) on
fatigue life of bituminous mixtures.

To evaluate the contribution of the fiberglass g&bgeinforcement, and its maxi-
mum strength, in bituminous mixtures to the cragkppgation on specimens hav-

ing a beam shape.

This doctoral dissertation was developed at theotatbry of Tribology and Dynamics of

Systems (LTDS +aboratoire de Tribologie et Dynamique des Syst¢raetheEcole Natio-

nale des Travaux Publics de I'Et@NTPE), France. It was part of a partnership ketwthe
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French companies Afitexinov and EIFFAGE Infrastanes, and ENTPE. It also had the sup-
port of the Brazilian Science without Borders (GsFiéncia sem Fronteirggprogramme (PhD

grant). In addition to this Introduction (Chaptgrptesenting the context of the study and its
objectives, the dissertation comprises experimesmal modelling approaches, organised as

follows.

» Chapter 2 presents the theoretical background eoimgebituminous mixtures, de-
scribing its formulation and mechanical behaviod geosynthetics. It presents the
historical used and the state-of-art in geosyntkeginforcement for flexible pave-
ment structures.

* Chapter 3 describes the materials used, the spesicmmposition and the four
experimental campaigns conducted during the ddohayek.

» Chapter 4 presents the cyclic tension-compresaorpaign at small strain ampli-
tude. It describes the device and the instrumamtatised, presents the experi-
mental results, the proposed methodology for iaterfanalysis and LVE model-
ling using 2S2P1D model.

» Chapter 5 covers the tension test campaign. Itribescthe device and the instru-
mentation used and presents the discussions raegéatd contribution of geogrid
reinforcement in bituminous mixtures subjectedetustle loading. In addition, the
time-temperature superposition principle in tenkiing in verified.

» Chapter 6 treats the fatigue damage performangease linked to the geogrid
reinforcement. Moreover, it presents the discussiagarding the geogrid effect
in the fatigue parameters used in the French desg&ghod of flexible pavements.

» Chapter 7 presents the crack propagation experaheampaign presenting the
four-point bending notched fracture (FPBNF) testdug the characterization. In
addition, it presents the 3D Digital Image Corrielat(DIC) device used to calcu-
late the strain field during the crack propaga@snwell as its tip, evaluating the
stress-relieving capacity of the fiberglass geoggidforcing bituminous mixtures

* Chapter 8 presents the conclusions and perspedtivégure work.
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2.1. Pavement structures

A roadway pavement can be defined as a multilaystetture, built on a subgrade, de-
signed to resist the loading from vehicular traffrad climate actions. This should also provide
its users good using condition, with an appropriete! of comfort, economy, and safety. In
addition, it should be impermeable on its surfaweat least avoid the water passage to the
layers underneath. The layers could be boundeéat®icourse and base) or unbounded (sub-
base) to each other. To the bonding of the lagengiisions made by bitumen are usually used.
Both can compose pavement surface course: bitumminmoxtures or concrete. The base layer
can be composed of bituminous mixtures or granulaterials, treated or non-treated by hy-
draulic binders. Finally, sub-bases are usually mased of granular materials. Figure 2-1 il-

lustrates a typical flexible pavement structuradcordance with FHWA (2006).

Surface
Course

Binder
Course

Figure 2-1. Scheme of a flexible structure and teotogy

Different types of pavement structures exists adimays network in France. According
to SETRA-LCPC (1994) there are six families of staues: flexible pavements; thick bitumi-
nous layer pavement; semi-rigid pavement; mixedestire pavement; inverse-structure pave-
ment and rigid pavement.

Flexible pavements are characterized by the preseha thin bituminous mixture layer
in the pavement surface course. The base layenmpased of bituminous mixture with thick-

ness bellow 15cm over a sub-base layer composeoiefreated granular materials presenting
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between 30 and 60cm of the total thickness. Itsizisestrained to roadways with low traffic
levels (SETRA-LCPC 1994).

Thick bituminous layers pavements are composedhafuaninous mixture surface layer
laid over a single or double bituminous mixturegiaybase. The thickness for the base layer is
between 15 and 40cm for this type of pavement &tracIn addition, all interface between
layers is bounded, and the bounding quality is wenyortant to avoid a loss in structure ser-
viceability.

The employment of materials treated by hydraulicbr as base and sub-base layers char-
acterize the semi-rigid pavements. The thicknegb®treated layers is normally between 20
and 50cm according to (SETRA-LCPC 1994). At theeséime, it presents a bituminous mix-
ture layer on the surface course.

Mixed-structure pavements are the combination betvilee bituminous mixture layer and
the treated material layer. It has a bituminoustanexon the surface course layer over a bitu-
minous base layer and over a sub-base layer madatefials treated by hydraulic binder. The
structure is considered as “mixed” if the ratiovietn the thicknesses of the bituminous layer
with the total pavement thickness is approximalé®;

Inverse-structure pavements are composed of bitumsimixture layers of around 15cm
total thickness laid over a non-treated granulaten (around 12cm). Then, these two layers
are laid over a foundation composed of materialté® by hydraulic binder. The total structure
thickness is between 60 and 80cm.

Lastly, rigid pavements are characterized by tlesgmce of concrete at the surface course
layer, reinforced or not. This concrete layer hagally 15 to 40cm of thickness and eventually
can be covered by a thin bituminous mixture weacimgyse layer. The foundation of this type
of structure can be composed of a material trelayelalydraulic binder, concrete or even non-

treated draining layer. The concrete surface lagarbe also laid directly over the sub-grade.

2.2. Pavements design method

The concept of design for pavement structures wsisdeveloped at the beginning 20th
century based on empirical observation of the pargrbehavior. The flexible pavement was
always constituted by bituminous mixtures on thdage course laid over base and sub-base
composed by non-treated granular materials. Fragrctnception, the supporting soil stiffness

and moisture sensibility had a great influencehlengavement’s life. For this reason, the CBR
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(California Bearing Ration) method was developetha’30s (Porter 1938). This method cor-
relates the observations made on roadways selivee in California accounting soil nature,
traffic and pavement thickness with a mechanicakpation test, so-called CBR test (ASTM
D1883 2016). However, the CBR method was obsoldétenwireated bases have arrived for
decreasing the loading sup-ported by the sub-gtadeldition, new materials have been intro-
duced as well as new techniques in pavement canoegthus, the American association of
state highway officials (AASHO) road test perform@densive real scale tests in Ottawa-IL
from 1957 to 1961 in order to provide data forpagement design. Then, the AASHTO (Amer-
ican Association of State Highway and Transporta@dficials) used the data to propose the
first interim guide in 1961 presenting an empiriegbroach to design pavements based on
equations and combined in nomographs years latem Ehis point, the need for a more mech-
anistic design method was evidenced and in 2008g@hanical-Empirical Pavement Design
Guide (MEPDG) was conceived (ARA 2004). This gustierted to analyze the pavement as
layered elastic structure and considered some ralst@roperties in the calculation. In addi-
tion, it predicts the pavement performance conogrtiie main distresses: fatigue, rutting, and
thermal cracking.

In France, the current pavements design method RRHICPC 1994) has a mechanistic
approach elaborated by tt8ervice d’Etudes sur les Transports, les Toutekwat Amé-
nagement$SETRA) and théaboratoire Central des Ponts et Chauss@g3PC). Nowadays,
the LCPC makes part of the Institut Francais desn8es et Technologies des Transports, de
I'Aménagement et des Réseaux (IFSTTAR). The methdihsed on the Burminster model
(Burminster 1943), which considers the pavemerd asultilayer system with the following
characteristics: elastic, homogeneous and isotrapitthe support layer is considered as semi-
infinity. The interface between layers can be cdesd as (i) bound, (ii) semi-bound, and (iii)
unbound. From the '60s the model has been orgawiitkith a software called Alizé developed
by LCPC and SETRA. The method can combine a mesti@m@nalysis of structure, fatigue
damage laboratory results, and observation fronexgnts performed in real scale roadways
constructed at the LCPC laboratory (SETRA-LCPC }9%#4e design method can be divided
into six main steps, which includes the layers reff@alculation, thickness adjustments along

with fatigue, rutting and thermal crack verificatio

-34 -



LITERATURE REVIEW

1. Pre-design. This step firstly consists of an ihitiaoice of surface course composition.
The chosen material needs to presents some necgssperties. Thus, some charac-
teristics of user’'s safety and comfort can be higtted according to (SETRA-LCPC
1994):

* Uniformity;
» Adherence;
» Draining capability;
» Photometric characteristics (color, clarity, lunsitg, and reflection); and
* Acoustic.
Secondly, based on comparable situations, a sistilacture should be pre-design.

2. Structure calculation. This step consists of tHeuwation of maximums stresses and
strains using the Burminster model. This calcutai®performed on the pre-designed
structure from the previous step. A reference odel of 130kN is considered. Each
semi-axle presents a single dual-tire configuratrepresented by two loading points
applying uniform pressure of 0.662MPa. This pressardivided in two discs with

0.125m radius and 0.375m axis distance between.

3. Structures fatigue and sub-grade strain verificatithis step consists of comparing the
stresses and strains values obtained in the prewtap with the admissible values.

Those values are obtained based on:
* Cumulated traffic for the considering period;
* Admissible risk for the period;
* Materials fatigue resistance;
* Thermal effects;
* Observation data of similar pavement behavior.

Finally, an additional calibration coefficient isrsidered, which allows accounting the
effect of all mathematic simplification and biasiefects eventually present in the ma-

terials properties characterized in the laboratory.

4. Adjustment of calculated thicknesses. In this stieg,initial proposed thickness is ad-

justed in function of some points:
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» Technical constraints of minimal and maximal thieks to reach the objectives

of capacity and uniformity;

* Decrease on risks related to interface bond deéectsrred when the number of

interfaces are limited;

e Assure enough protection to layers treated conegrthie phenomenon non-ac-
counted in the precedent calculation (particuldrlyreflective cracking).

5. Verification of thermal effects (cycles of freezetw). This step consists of comparing
the reference atmospheric freeze index (IR) witkiepgent admissible thermal re-
sistance. The reference index is chosen as functitire winter severity to be protected

from.

6. Definition of pavement cross-section. In the laspsthe pavement cross-section is de-
signed based on the previous verification applethe critical lane (most charged),
shore side, inside the lateral guide strip. Thiea cross-section thickness is fixed based

on traffic, geometric characteristics, surface, smo-grade slopes.

2.3. Bituminous mixtures

Bituminous mixtures are heterogeneous and imperiaenhterials presented in surface
course layer in flexible pavements and eventuallyase layers (c.f. section 0). These materials
are composed of a blend of mineral aggregatedfereint gradations (course, fine and fillers)
and bitumen (Corté & Di Benedetto 2005, Di Benewl&tiCorté 2005). The bitumen works as
a binder and the mineral aggregate is the sketd#tbrtuminous mixtures. Different aggregates
sizes are combined to assure the interlock ofgestionce mixed with bitumen. The smallest
particles from aggregates gradation are the fillgasticles with maximum nominal sizes of 63
pum (EN 13043 2003). The mix between filler and biemncalled mastic, provides the cohesion
of bituminous mixture. Every bituminous mixture geats voids volume, denoted in literature
as “air voids” Av). TheAv has a direct impact on the mixture performancelatdhvior, spe-
cially concerning to rutting. Figure 2-2 presenscheme of volumetric properties of a bitumi-

nous mixture.
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Figure 2-2. Scheme of volumetric properties oftarhinous mixture.

WhereVMA (Voids in Mineral Aggregate) is the ratio of tloéal volume of voids between
aggregate particles within the compacted mixtuneluding voids filled with bitumen, with
respect to total volumé&/FA (Voids Filled with Asphalt), corresponds to thetpaf VMA ef-
fectively filled with bitumen. From volumetric relans, Av is obtained according to Eq. 2-1
(Di Benedetto and Corté, 2005):

Av =100-(1 —MVA
v= ( _MVR) Eq. 2-1

WhereMVRis the mixture maximum specific gravitmésse volumique réejlm french),
which is calculated by the specimen total weightdiing by the absolute volume (volume of
solid matter after excluding volume from all acdelesvoids). The most common way to obtain
this volume is by using a pycnometer accordindnéoRrench standard NF EN 12697-6 (2012).
On the other handvVA is the mixture bulk specific gravitynasse volumique apparents,
french), which is calculated by the total volumetloé sample (denoted as unit volume, c.f.
Figure 2-2), including air void$VVA can be obtained by three main methods: (i) usihg-a
drostatic weight balance in sample covered by fiardfi) from measurements of geometric
dimensions to calculate the sample volume; anyllyiimeasuring the absorption of gamma
radiation by the matter.

According to EN 13108-1 (2016), some types of binous mixtures are cataloged and

used in French pavement structures:
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b)

d)

f)

9)

h)

Béton Bitumineux Semi-Grer{BBSG): “Semi-grained bituminous” concrete is
considered the reference bituminous mixture becdusesed not only in surface
courses, but also in parking and sidewalks. laglg implemented and easily com-
pacted to a thickness that varying from 3 to 9 @nlayer.

Béton Bitumineux MincgBBM): “Thin bituminous concrete” is designed penily
for handily using on construction sites where meded implementation is not
possible. Its thickness can vary from 2.5 to 5 cm.

Béton Bitumineux Tres Min€gBBTM): “Very thin bituminous concrete” is known
for its excellent durability, aesthetic appeararas®] acoustic properties. Used in
the surface course with thickness varying fromt@.8 cm.

Graves Bitume$GB): “Gravestone bitumens” are bituminous mixtuvath high
structural function, used as a base layer for higtiic pavements. High stiffness
mixture usually on a thickness that can vary froto &6 cm.

Enrobé a Module ElevdME): “High modulus mixture” is also a bituminoorsx-
ture with high structural function, used as a Hager for high traffic pavements.
High stiffness mixture usually on a thickness tteat vary from 5 to 15 cm.

Béton Bitumineux a Module Ele@®BME): “High modulus bituminous concrete”
is a bituminous mixture with high structural furaetj used on the surface course
layer subjected to high traffic loading (heavy fiapavement, roundabout). High
stiffness mixture having a thickness that can vaom 4 to 9 cm per layer.

Béton Bitumineux a Froi(BBF): “Cold bituminous concrete” is a techniqused

in the maintenance of moderate-traffic pavemergsirang the restoration of ad-
hesion properties. The great maneuverability &f pmoduct offers great flexibility
of his use and allows an easy implementation. Digeesyates are mixed with emul-
sions made from bitumen at ambient temperaturethitikness ranges from 2 to 8
cm.

Graves Emulsions'Gravestone emulsion” responds to the problemgasement
rehabilitation of pavements. It is also used in tiesv pavement for foundation
layers or base layers.

Béton Bitumineux Aéronautiq@BBA): “Aviation bituminous concrete” is used as
a surface course for runways roads at airportsagnddromes. This asphalt can
withstand very strong loading and has good perfageaegarding main airport
distresses: rutting, punching, thermal cracking thickness can vary from 3 to 9

cm per layer.
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j) Béton Bitumineux ColorgBBC): “Colored bituminous concrete” is known fts
aesthetic appearance and excellent maneuveralslitised as a surface layer for

sidewalks, walkways or squares. Its thickness @ap from 2.5 to 6 cm.

More information from the listed bituminous mixtsreegarding gradation curves, volu-
metric information and distresses performance @fobnd in details at the French standard
EN 13108-1, (2007).

2.3.1. Composition

2.3.1.1. Bituminous Binder

Bitumen is a material obtained from the petrolendustry composed of carbon and hy-
drogen (more than 90% by weight), disposed in a#tucyclic or aromatic structures. Accord-
ing to NF EN 12597 (2014), it is defined as “vifltyanvolatile, adhesive and waterproofing
material derived from crude petroleum, or presamatural asphalt, which is completely or
nearly completely soluble in toluene, and very @iscor nearly solid at ambient temperatures”.
It works as a binder in the mineral aggregatestimiinous mixtures due to its great adhesive
power. According to Lesueur (2009), the bitumemfibin the market is mainly the result of
the crude oil distillation (c.f. Figure 2-3).

BN Propane/b

N Gasoli

Crude oil

N Aviation fuel

N Diesel fuel

W Gasoli

N Gasoli
I Aviation fuel
I Diesel fuel
I Light fuel oil

I Heavy fuel oil

Asphalt

686406

Boiler Distillation column

Figure 2-3. Crude oil components refining proc&an@dian Fuel Association website).
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The bitumen components are traditionally groupedhemical families: asphaltenes,
saturates, aromatics, and resins, determined paration method called by the acronym
SARA. This method consists first to isolate thehatignes using n-heptane, which is the solid
phase insoluble. The soluble portion is called emeds and it is separated into three families:
saturates, aromatics and resins, by chromatogragilycone/aluminum gel (Corté & Di Bene-
detto 2005).

Asphaltenes are amorphous solids made of carbohyrdgen, also containing some
nitrogen, sulfur and oxygen atoms. Asphalteneg@nerally considered to be highly polar and
complex aromatic materials. They constitute 5-25%he total bitumen and have around 2-
5nm of particle size. They also have a great imfitegeon bitumen rheological properties. A high
quantity of asphaltenes leads to an increaseuimtaih viscosity. Resins are also solids or semi-
solids and highly polar as same as asphalteney. digeresponsible for the strong adhesive
property of a bitumen. They constitute 13-25% ad thtal bitumen. Aromatics are viscous
liquids composed of carbon and hydrogen, but alg@at quantity of sulfur. Non-polar carbon
chains where dominate the unsaturated aromatieragstThey constitute 40-65% of the total
bitumen. Finally, saturates are constituted byhai hydrocarbons with straight or branched
chains. They are viscous nonpolar oils. They ctrtstb-20% (Read et al. 2003). The propor-
tions of resin and asphaltenes govern the bitunedavor as solution, “sol” (high proportion

of resins) or as gelatinous, “gel” (high proportminasphaltenes).

@ Asphaltenes
D High molecular weight
aromatic hydrocarbons

Low molecular weight
@ aromatic hydrocarbons

© Aromatic/naphthenic hydrocarbons
~ Naphthenic/aliphatic hydrocarbons

— Saturated hydrocarbons

d _" I:fewnm

Figure 2-4. Schematic representation of bitumee @ (above), type gel (below), and some
of its components (Read et al. 2003)
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The European bitumen classification is based oarefpation test (EN 1426 2007). This
test is based on a penetration measurement (insteta millimeter) of a standard needle in a
bitumen sample at 25°C for 5 seconds. The loadegpl the needle is 100g. Thus, according
to the EN 13924-1 (2016) and EN 13924-2 (2016urbéns having 10/20 and 15/25 of pene-
tration grade are considered "hard" binders. Whdging 50/70 and 70/100 of penetration
grade, bitumens are considered "semi-hard" bin@eg,a 160/220 bitumen is a "soft" binder.
However, this empirical classification only preseimformation regarding one temperature and
is not able to represent the mechanical propesfiegumens.

North America the current bitumen classificatiorswdgveloped in the framework of Stra-
tegic Highway Research Program-SHRP (Anderson,et@94), part of “Superpave” (Superior
Performing Asphalt Pavements). The Performance&a@) classification was created based
on the critical temperatures, defining a rangeeaigeratures indicated for its use in the bitu-
minous mixtures fabrication (AASHTO M320, 2009; AKTO PP6, 1994). The critical tem-
peratures are defined based on mechanical charatten of the bitumen.

2.3.1.2. Mineral Aggregates

The mineral aggregates are the bituminous mixtskeketon and represent approximately
95% of the total mass and 80-85% of the total v@l@orté & Di Benedetto, 2005). They are
the result of rock crushing blended with graveld aand. Other materials can also be used as
substitute aggregates: clays, slags, recycled negtetc.

The aggregates’ petrographic nature are importaabtain good short-term performance
(friability, adhesivity) and long-term performan@aolishing, integrity). The rocks could be
from nature igneous, metamorphic or sedimentaryeldeer, if there is more than 65% content
of SIOp, they have acid character, while a content infandb5% characterizes a basic charac-
ter. This nature influences the affinity betweetuinien and aggregate. Some geometric char-
acteristics are also important to use for bitumsoixtures. According to Barrett (1980), the
shape of an aggregate particle has, in generak thdependent properties: form, angularity,
and surface texture. The characterization is récpetformed using digital image processing
(Das 2006, Bessa et al. 2015). Others shape paesetated to the form of aggregates are
used to describe it according to Das (2006): elbogand flatness, flakiness, sphericity, shape
factor, form factor, roundness, etc. The aggredatesis a direct calculation of the proportions

between its dimensions: length, width, and thicknégcording to Masad and Button (2000),
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angularity quantifies the particle edges and cargiving general information about its round-
ness, consequently. Low aggregates angularitytumanous mixtures could lead to the early
appearance of rutting in the roadways pavementsd@a & Dukatz 1992) caused by the lack
of interlocking between particles. Finally, thefsge texture is a small property that could not
have a big influence on the overall shape (Mas&l&on, 2000; Al Rousan, 2004). However,

rough-surface aggregates improve particle-to-dartiontact and friction resulting in a bitumi-

nous mixture more resistant.

The particles sizes distributions of a blend ofraggtes are determinant of its classifica-
tion and its influence in a bituminous mixture. Tdggregate gradation has an impact on many
mixture properties: stiffness, stability, duralyilipermeability, workability, fatigue resistance,
frictional resistance and moisture susceptibilRplberts et al. 1996). In France, according to
the standard EN 13043 (2015), the gradation clamsequantified by the smaller particle size
(d) and the higher particle sizB) obtained through sieving. For example, a gragéBa con-
tains only particles smaller enough to pass thrabhghsieve with 31.5mm opening mesh, but
bigger enough to be retained on the sieve with 1@pening (Corté & Di Benedetto, 2005).
Granular fractions are chosen wibtid ratio limited to 1.4, for avoiding excessive sdisper-
sion within each fraction. A grading curve is idéat by performing a Particle Size Distribu-
tion (PSD) analysis. In the 1960s, the FHWA introell the standard gradation graph used
today in North America. This graph raises the sigzes to 0.45 power on x-axis. According
to Roberts et al. (1996), it is convenient for dete@ing the maximum density line and adjusting
gradation. To classify the gradation curves, soen@$ are used based on the shared common
characteristics, as seen in Figure 2-5.
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Figure 2-5. Different gradation curves plotted taxs raised to a 0.45 power

Dense or Well-Graded are the curves mostly useabtbstgn bituminous mixtures. Those
curves are closed to the maximum gradation linke Fegure 2-5). However, a dense curve
superposed to the maximum gradation line resuléminnacceptable loWMA. Moreover, the
bitumen would be expelled from the mixture. Gapdgdhcurves are characterized by the lack
(or few) of mid-size range particles. Despite thet it could be used for concrete in rigid pave-
ment design, for bituminous mixture, it can be gréo segregation during placement. Open
Graded curves contain few quantities of partiatethe small range. The lack of enough small
particles to fill the voids formed by larger pal#ie results in more air voids in the bituminous
mixture. Uniformly Graded curves contain only peds presenting near sizes, which results

in a steep curve.

2.3.2. Thermo-mechanical behavior

2.3.2.1. Loads acting on flexible pavements structure

Pavements structures are multi-layer systems siglojec different types of external load-
ing resulting in complex phenomena (Corté & Di Baetto, 2005). During the pavement ser-
vice life, mechanical, thermal, physical and chehghenomena occur in a combined way.
The understanding of the pavement response, wHgacted to each effort, could lead to an

improvement in pavement design. The pavement sireichodeling considers certain numbers
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of infinite slabs presenting interfaces varyinghiirtully bonded to completely unbounded com-
pose the road (Corté & Di Benedetto, 2005). Eaghrlés considered homogenous, isotropic
and linear elastic. When the structure is subjetiedaffic loading, the local point of loading

is induced to a punching, while the layers benchsitering the bound layers, traffic loading
causes horizontal tensile stresses and straihe bbttom and vertical compressive stresses and
strains in the bulk section of each layer. The agpd compression leads to rutting, while re-
peated traction leads to fatigue. Figure 2-6 prss&ischeme illustrating the response of traffic

loading.

Load (vehicle)

4

Interface
(various
bonding

conditions)

‘\ Different pavement
| layers modeled as

< bending slabs:
' stiffness modulus

/ required to obtain ¢
/ and e

Repeated compression:
rutting (permanent
deformation)

Repeated traction:
fatigue

Figure 2-6. Scheme of loading due to traffic arelrésponse on pavement layers
(adapted after Di Benedetto, 1998)

Climate variation is another source of loadinghia pavement structure. The presence of
moisture in roadways could increase susceptitiditthe cracking (Cardona 2016). Tempera-
ture variation is harmful to the pavement in maifiecent aspects. Cycles of freeze-thaw ag-
gravated by insufficient drainage cause progressegradation of material integrity and per-
formance. Moreover, when the bituminous mixturessarbjected to very low temperatures, a
thermal contraction tends to occur, however, lititglered by friction with other layers in con-
tact. The restrained thermal contraction causesstn the bituminous mixture, which could
lead to so-called “thermal crack”. In addition, eeped thermal contraction-expansion cycles
may also lead to "thermal fatigue". Another case isemi-rigid pavements, if there is a crack
opening in cement-treated base layer due to slgekacurring during hardening, it could lead

to a crack propagation throughout the bituminoysidaver it. The described phenomenon is
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called reflective cracking. Figure 2-6 presentglzesme of thermal loading and possible dis-

tresses that could occur in a pavement structure.

Pofad

)
%
v Crack * v
( —
shear, =
debonding | » - Crack —
— —> o
contraction - dilation cement-treated base layer
freeze - thaw already cracked

(degradation, cracking)

Figure 2-7. Scheme of thermal loading and corredimgnpavement response (adapted
after Di Benedetto, 1998)

2.3.2.2. Domains of mechanical behavior of bituminous materials

Bituminous materials present a very complex medashbiehavior. However, it is possible
to identify four main types of behavior in functiohthe strain loading amplitude subjected (

and the number of loading cyclds){

« For few loading cycles amount and strain amplitust@sller than 10 m/m, the
material behavior is considered in a first appraation as Linear Viscoelastic.

+ For few loading cycles amount and strain amplitusfesround 1& m/m, the ma-
terial behavior is strongly non-linear. This pautar behavior, as well as its thresh-
old is object of research (Doubbaneh 1995, Coutetlad. 2014, Mangiafico 2014,
Babadopulos 2017).

* For high loading cycles amount and small valuestiaiin amplitudes, the material
presents fatigue damage.

» Significant irreversible strain occurs for stramgitudes close to the fracture line.
Their accumulation yields in rutting, the last deamiadicated in Figure 2-8.
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Figure 2-8. Typical mechanical behavior domainbittfminous mixtures depending on
strain amplitude and number of cycle, for a given temperature (Di Benedetto et al.,
2013).

The temperature affect drastically the bituminoagarals behavior, and thus, all the men-
tioned domains. Threshold values between diffedentains are shown only as indications of

the orders of magnitude.

2.4. Linear viscoelastic behavior of materials

2.4.1. Definition

Viscoelastic behavior is found in materials thagents elastic and viscous behavior at the
same time, depending on the loading conditiong|(ieacy and temperature). When subjected
to high frequencies (fast loading) and high temipees the elastic behavior dominates com-
pared to the viscous. The opposite happens whendbeelastic materials are subjected to low
frequencies (slow loading) and low temperatures.

A unidimensional and non-aged body is considersdoglastic instead of viscoplastic, if
the residual stress, att —o is equal to zero when it is subjected to the “edlation test”
(Salencgon 2009). This test consists on imposirtgaanggo) to an originally undisturbed mate-
rial at the instanbtfollowed by imposing strain equal to zero (oridistate), and stress-moni-

toring as illustrated in Figure 2-9.
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Figure 2-9. Cancellation tests: strain input (8dke) and stress response (right side)
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A body can be defined as linear viscoelastic (LfE)e Boltzmann superposition princi-
ple is verified (Boltzmann 1876). According to thenciple, the response of a material to a
solicitation composed of a certain number of eletagrsolicitations is the sum of the responses
to each of these elementary solicitations (Boltzm&876, Salencon 2009). Table 2-1 summa-

rizes the Boltzmann superposition principle.

Table 2-1. Boltzmann superposition principle stditons and responses

Action Response
e1(t) o1(t)
e2(t) o2(t)

Aea(t)+uea(t) Ac1(t)+uo2(t)

2.4.2. Creep, Relaxation and Convolution Integral

A LVE material behaves particularly when subjediedime-dependent loading. A phe-
nomenon called creep occurs when the materialdgesied to a constant stress load, while a
relaxation phenomenon occurs when the materialbgested to a constant strain load. For the
creep test a given stress is instantaneously applied to a material at irtstafc.f. Figure
2-10a). The same idea is given for the relaxatsh but at this time it is the inverse of creep,
a straineo is instantaneously applied to a material at irtst@ft.f. Figure 2-10b). Table 2-2

summarizes the creep and relaxation tests equations
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Figure 2-10. (a) Creep and (b) relaxation testaflimear viscoelastic material

Table 2-2. Creep and relaxation tests equations

Creep Relaxation
Solicitation o(t) = agH(t — ty) e(t) = ggH(t — ty)
Response e(t) = F(t, ty)o, a(t) = R(t, ty)eo

Parameter Definitions

H(t—ty) =0 fort<t,
H(t—ty) =1fort=>t,
F(t,t,) = Creep compliancs

function at any instant t.

H(t—ty) =0 fort<t,
H(t—ty) =1fort=>t,

> R(t,t,) = Relaxation func-

tion at any instant t.

From application of Boltzmann superposition prihejgor any stress loading history, to-

tal strain responsst) is equal to the sum of individual responses ttedementary stress
variation. Thus, the convolution integral #gt) can be written according to Eq. 2-2 in func-
tion of the material property(t), previously defined. Analogously, for any strasading his-

tory, the same principle can be used to obtaisstresponse(t). Thus, the convolution inte-

gral forg(t) can be written according to Eq. 2-3 in functiorthed material propertR(t), also

previously defined.

t

o(t) = fR(t—r)%dr ;

0
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t
0
e(t) = JF(t - ‘r)a—:dr ; t>0 Eq. 2-3
0

2.4.3. Complex modulus and Poisson’s ratio

The LVE properties can be experimentally obtairfedugh cyclic loading characteriza-
tion in frequency domain. This characterizatiopesformed either sinusoidal strain (with am-
plitude o and frequency) or sinusoidal stress (with amplitude and frequency) loading
application on cylindrical specimens. Figure 2-Y&sents an example of complex modulus
tests conducted at controlled strain loading aedgating the stress and radial strain response
after the steady state. The phase lag betweem sinai stress signals is the axial phase angle

denoted a®.

P/w
70 . , 1.0
= Specimen: A1-H4 g g1(D)=¢€q;sin(wt)
g 35 c(t):oosin(wt+cp L 05
E 5
5 0 0.0 =
- o
%-35 - -0.5
= 70 &,(t) = gp,sin(wt+@+m+e,) 1.0
0 10 20 30 40 50
Time (s)

Figure 2-11. Example of complex modulus test of'V& Imaterial: sinusoidal signals of axial

stresss(t), axial strairei(t) and radial straim(t).

The analysis of the test result can be made in @omwtation i =-1). Complex modulus
is defined as the ration between the sinusoidaptexrstress«* ) and sinusoidal complex strain
(e*), according to the Eq. 2-4.

* O.Oei(wt+(p) o

o , .
E* =_*_— : =_Oel(p = |E*|el(p Eq. 2'4
£ ge® &
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Wherew=2xzf is known as the pulsation or the angular frequemdythe norm of complex
modulus [E*|) is equal taso/ 0. Phase angle divides the complex modulus onéalspat, also
known as storage moduluB;) and it imaginary part, also known as loss mod(H33. The
real part represents the material elastic propevii@le the imaginary part represents the mate-
rial viscoelastic properties (c.f. Eq. 2-5)glf= 0, the material is perfectly linear elasticy If
90°, the material is purely viscous. Fowvarying between 0 and 90°, the material shows LVE

behaviour.

E* =E, +iE, = |[E*| cos¢ + i|E*|sin¢ Eqg. 2-5

As result axial loading cycles, radial strain isetved due to Poisson's, effect. This radial
strain has an additional phase lag in relatioro&aling signal, denoted as. Moreover, the
radial strain is the opposite of axial strain, simhen the axial contracts, the radial extends and
vice-versa. Thus, the increment- ¢, represents signal phase lag for radial strainréfbee,
the complex Poisson's ratig ) is defined as:

€=2k gozei(a)t+7r+<pv)

£ .
v* = —-—= — Y = —02 el(pV Eq 2'6
€1 &p1€ €01

The representation of complex modu|&S|, and itscomponentsE;, E; andg obtained

experimentally is done using different graphs. et frequently used are:

« Isothermal curves: consists of plotting complex miod result4E’| against cor-
responding test frequencies in logarithmic scabn Ge also done for phase an-
gle.

* Isochronal curves: complementary to the isothecuales, consists of plotting
complex modulus result& | against test temperatures for each frequency in
semi-logarithmic scale.

» Cole-Cole plots: diagrams plotting the imaginaryt §B>) in function of real part
(E1). This graph highlight the behavior of bituminauaterials at low tempera-
ture/high frequency. It can be used to verify thédity of the Time-Temperature
Superposition Principle (TTSP) for the LVE behavior

« Black Diagram: so-called “black space”, it plote [E'| values against corre-

spondingy on a semi-logarithmic scale (I0'| versusp). It is particularly useful
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to analyze the behavior of bituminous materialsigih temperatures/low frequen-
cies. It can also be used to verify the validityled TTSP for the LVE behavior.

All these graphs can be also plottedfor

2.4.4. Time-Temperature Superposition Principle (TTSP) and Master

Curves

Bituminous materials have a thermoviscoelastic @nawhich means their mechani-
cal behavior depends on frequency, load, and teatyrex. The material behavior is highly de-
pendent on the testing temperature (e.g. presehigigstiffness at low temperatures and low
stiffness at high temperatures). However, the effadts behavior due to the temperature var-
iation is equivalent to the effect caused by frempyevariation, according to Ferry (1980) in the
time-temperature superposition principle (TTSP)isTgrinciple is only valid if Cole-Cole or
Black diagrams tend to form a unique curve, inddpetly of test temperature and frequency.
In this case, the material can be considered amtrbeologically simple (Corté & Di Bene-
detto 2005). Figure 2-12(e) presents an examplen@fue curve obtained in Black diagram
from Nguyen et al. (2013a).

If TTSP is valid for the analyzed material, it issgible to obtain a uniqyg’| curve for
an arbitrarily chosen temperature of referencegpjyéng shift factorsdr(T)) on the isothermal
curves, called master curve. To construct thiseuone temperature has to be chosen as the
temperature of referencé&.f), and then the temperature data above the referamcshifted
forward and the temperature data below the referane shifted backward using the same shift
factor for each case. Figure 2-12(a) presentsdberibed methodology to construct the master
curve of norm of complex modulus, Figure 2-12(b)gbase angle, Figure 2-12(c) for norm of

Poisson’s ratio and Figure 2-12(d) for Poissont®rahase angle from Nguyen et al. (2013a).
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Figure 2-12. Example of time-temperature superfsjtrinciple verification for linear vis-

coelasticity of bituminous mixture (Nguyen et &013a).

Master curves are a significant tool, since it aorg information in a range that would be
impossible to access experimentallyaAvalue for each temperature is chosen, witrai(iEr)
equal to 1. Figure 2-12Figure 2-5(f) presents tifferént ar values obtained for master curves
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construction conducted by (Nguyen et al. 2013ajné&equations from literature can be used
to fit values ofar as a function of temperature. The first one ihAmius law written in Eq. 2-7
(Arrhenius 1889):

0H (1 1
log(aT) = ? T - T . Eq 2-7
re

WhereRis the ideal gas constant (8.314 J tigi') anddH is the activation energy of the
material. The second one is the Williams-Lander@VLF) equation (Williams, Landel, &
Ferry 1955), used to fit in Figure 2-12(f) by (Ngunet al. 2013a). The WLF equation is written
as follows (Eq. 2-8):

—Cy(T = Tyey)

Eqg. 2-8
CZ + (T - Tref)

log(ar) =

WhereC; andC; are constants, varying with the material ang

2.4.5. Modelling LVE behavior

Some LVE models are available in the literature ey are based on combinations of
mechanical analogues. The models can be dividedtwa types: based on mechanical ana-
logues presenting discrete spectra as springse@epting the elastic behavior) and dashpots
(representing Newtonian viscous behavior), and dase mechanical analogues presenting
continuum spectra. The two simplest models useatkésaribe LVE behavior are Maxwell and
Kelvin-Voigt models (Corté & Di Benedetto 2005). Wever, both the Maxwell and the Kel-
vin-Voigt models are too simple to describe thewoeastic behavior of bituminous mixtures.
Thus, the combination elements from each modeldeatione to model more accurately the
LVE behavior of materials. The Generalized Maxw#ilechert (GMW) model consists in the
association in parallel of spring-dashpot pairkdohin series. The continuum spectrum models
share the presence of a parabolic element on mbic@tion of elements. Parabolic elements
are characterized by a continuous relaxation specbut have a finite number of elements.
The Huet(Huet 1963) the Huet-Sayegh (Sayegh 1965) and the 2 Sprifggabolic elements
and 1 Dashpot (2S2P1D) are examples of continugttigpn models. The fully description of
those models can be found in Corté & Di Bened&@®%) and Di Benedetto et al. (2007).
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2.4.5.1. Model 2 Springs 2 Parabolic elements and 1 Dashpot (252P1D)

2S2P1D rheological model, developed at the UnityecdiLyon/ENTPE. The model con-
sists of 2 springs (elastic elements), 2 paralwokep elements and 1 dashpot (purely viscous)
(Di Benedetto et al. 2007, Olard & Di BenedettoQ2pas illustrated in Figure 2-13(a). Seven
parameters are used to fit the experimental dataRigure 2-13(b)) for a general Cole-Cole

curve. The value of complex modulus given by thelehds calculated by Eq. 2-9.

E;;naginary @ fﬁc’ipé’ Parameter
A
Ey — Eqo n
7 Eo
(b)

Figure 2-13. 2S2P1D model: @nstants associated with constitutive elementseomodel

on a general Cole—Cole curve and (b) mechanicdbgnes

Ey — Eoo
1+ 6(iwt) ™ + (iwt) ™ + (iwp7) 1

E*(le) = EOO + Eq 2'9

Where the pulsation=2zf with f the loading frequenc¥oo is the static modulus, obtained
in the higher temperatures (or lower frequenciasylEo the glassy modulus, obtained in the
lower temperatures (or higher frequencies). Moredvandh are dimensionless constants of
the two parabolic elements afids dimensionless shape factor. They are calibratemnstants.
Finally, t is the characteristic time and depends on the e¢estyre, ang is a constant that
depends on the dashpot viscosity= (E, — Eo)B7). The 2S2P1D model can be used for
modelling bitumen, mastic and bituminous mixtuiegar viscoelastic behaviours (Delaporte
et al. 2007, Olard & Di Benedetto 2003, Di Benealett al. 2004a). The model can be also
extended to 3D (Di Benedetto et al. 2007), to¢nid, two additional parameters are introduced:

static ¢oo) and glassyvp) values of Poisson's ratio.
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E*(w) — E
V*((U) = VOO + (VO - Voo)u Eq 2'10
Eq — Eoo

The characteristic timais the only parameter depending on temperatucanibe obtained
at any temperature using shift factors through TdSPussed in section 2.4.4. Therefore, WLF
equation can be used to model material’'s temperatusceptibility. It is done by usingat a
temperature of reference and the time-temperahifefactor at the new desired temperature
(@T(T) in Eq. 2-11.

T(T) = aT(T)TO Eq 2-11

Bituminous mixtures LVE behavior are intimatelyateld to the linear viscoelastic behav-
ior of the bitumen used in their fabrication (Dedae et al. 2007, Di Benedetto et al. 2007, Di
Benedetto et al. 2004a, Olard & Di Benedetto, 2088} this reason, some authors performed
a normalization procedure according to Eq. 2-12s phocedure resulted in a unique curve for
all bituminous mixtures produced from the samerbén (Delaporte et al. 2007, Di Benedetto
et al. 20044, Pouget et al., 2012a and b, PhamZ22%b).

Y 1
mOTM By —Epe 1+ 8(iwt) ™k + (iwt) ™ + (iwf7)?

Eq. 2-12

2.5. Fatigue in bituminous materials

2.5.1. Fatigue of bituminous binders, mastics and mixtures

The fatigue damage (formation and propagation @fonénd macro cracks) is one of the
main distresses that occurs in bituminous pavemdihis type of damage is caused by the
repetitive traffic loading and the change in climabnditions to which the bituminous mixture
is subjected. Fatigue is defined as the weakenimgaterial, by means of stiffness reduction,
eventually leading to failure, caused by repeatedihg without exceeding material strength
(Di Benedetto & Corté 2005). The understandingheffatigue process in bituminous mixtures
is not simple due to the heterogeneity of the nitexhich is actually composed of aggregate
particles with elastic properties and the mastile(fand asphalt binder) with viscoelastic prop-

erties.

-55 -



LITERATURE REVIEW

The interpretation of the material behavior, durfaigue damage testing, follows two
classical approaches: micromechanics, and continaeghanics. The first captures the phe-
nomena occurring on the scale of microcracks toesgmt the behavior of the material, consid-
ering each crack occurring in the material. Thigrapch is very precise, however it is complex
and time consuming. The second one treats the stal® phenomena globally considering the
fatigue as loss of resistant cross-section in tagenal (Kachanov, 1958, 1986; Lemaitre &
Chaboche, 1990). This loss is obtained with aidtafe variables that can be experimentally
measurable in laboratory.

Fatigue resistance is highly influenced by the alighinder characteristics. For this rea-
son, several authors in the literature charactéheeasphalt binder scale trying to upscale these
properties to the asphalt mixtures, since it isegds perform fatigue tests in this mixture con-
stituent. Moreover, testing asphalt mixtures impglicated and a very time consuming task
considering the need to analyze the interactiowéen the components (Tsai and Monismith,
2005).

Poncelet (1839) was the first one to use the watigde to describe this phenomenon.
Wohler (1870) focused on the relationship betwéenldading amplitude and the number of
cycles to failure in metals. This representatiads a linear relation between loading and fail-
ure, and despite the fact that it was proposedfals, it can be used for bituminous materials
characterization. Carpenter et al. (2003) introdube concept of endurance limit of perpetual
pavement. For a certain loading level, fatigue téeds to infinite. Thus, the pavements sub-
jected to a loading value underneath this threskb@ild no present fatigue. Figure 2-14 pre-
sents an example of Wohler curve and endurance limi

Loading
amplitude

Endurance
limit

0 10 102 103 104 105 106
N (fatigue life)

Figure 2-14. Example of Woéhler curve: loading atugle versus number of cycles to failure
(fatigue life) (Di Benedetto & Corté 2005) and #redurance limit of perpetual pavement of
Carpenter et al. (2003).
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The relation between loading amplitudg and number of cycles to failur&l)Y can be
written according to Eq. 2-13 in logarithmic scafel according to Eq. 2-14 in semi-logarithmic

scale:

S=aN~? Eq. 2-13

S =a—PlogN Eq. 2-14

In order to take account the fatigue on the fiddsed by different loading amplitudes,
their combined effect can be estimated by Paimifarer hypothesis (Miner 1945, Palmgreen
1924). This hypothesis considers the fatigue Ifehee accumulation of contribution of each

discrete loading.
k
C= Z M Eq. 2-15

Where ni is the number of loading cycles from loading atugle S), Ni is the fatigue life
corresponding t&, k is the quantity of different loads applied a@ds a constant obtained
experimentally. Miner laws is widely used due ®stmplicity, however, it does not take ac-
count the loading history, which it highly influenthe material’'s behavior (Mangiafico 2014).

To simulate the fatigue behavior of pavement lagfesre are many available approaches
on the literature. The characterization can baedaut in full scale using instrumented pave-
ment sections or using accelerated pavement fasilftle la Roche et al. 1994; Highway Re-
search Board, 1961). Another way to characteriedatigue behavior is simulating its mechan-
ical behavior in laboratory scale. To this endis@se conducted in bituminous mixtures spec-
imens with repeated loading. Three main type dktean be found in literature: flexion tests
(two, three and four points), traction-compressasts (direct and indirect) and shear tests (Di
Benedetto & Corté 2005). The testing type signifibaaffects the results of fatigue laboratory
tests (Di Benedetto et al. 2004b). Homogeneouaistand stresses are the same in every point
of the sample) tension-compression fatigue testpiaferred since they present less dispersion

and allow the assessment of the intrinsic fatigetealvior of the material (Olard, 2003).
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2.5.2. Experimental observations and failure criteria

To perform fatigue tests, the imposed loading careither in stress controlled or strain
controlled mode. When the tests is conducted essitontrolled, the strain resulted from load-
ing decrease along the test. On the contraryrainstontrolled mode, the stress resulted from
loading increase along the test. Figure 2-15 r@mtssschematically the different cases of fa-

tigue test cyclic loading.

A Strain A Strain A Stress A Stress
TCycIes T Cycles [~~~
Cysles l Time l Time {Cyclcs
> T T .
Time Time
A Stress A Stress A Strain A Strain
[ o—— \l_
Cycles ;. } Cyc s T Cycles . =
R
Time
(@) (b) () (d)

Figure 2-15. Schematic representation of loadiapatd (b) strain, or (c¢) and (d) stress and

their respective responses (stress or strain) @iefetto & Corté 2005).

An important remark regarding the fatigue testattmlled stress centered in zero (c.f.
Figure 2-15d), it leads to an accumulation of perema deformation along the test that could
overcome the fatigue behavior. For this reasos,tipe of test should not be used for fatigue
characterization (Mangiafico 2014).

During the fatigue test, an accumulation of theamal deterioration occurs. However,
failure occurs before the macroscopic failure efsample. Generally, complex modulus (stiff-
ness) variation can be monitored as a representafithe deterioration level in the material.
Three phases can be identify on the complex modidgsease due to loading in the fatigue
characterization (Piau 1989, Baaj 2002, Di Benedettal. 2004b), separated as follows:

* Phase I: is called adaptation phase, charactebyedrapid decrease in complex
modulus and increase in phase angle. AccordingitBdbedetto et al. (2011),
Nguyen et al. (2012), Tapsoba et al. (2013), Mdggiaet al. (2015) and further
Babadopulos (2017), the first phase can be expldigalifferent effects instead of
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fatigue. Biasing effects are responsible for therel@se in the modulus during the
cyclic loading, such as non-linearity, self-heatargl thyxotropy.

* Phase Il: is called quasi-stationary phase, chawized by a quasi-linear decrease
in in complex modulus and increase in phase ahgldis phase, fatigue damage
is the responsible for the material deterioration.

* Phase lll: is the failure phase. In this phasepmajacks are presented in the ma-
terial, causing a rapid decrease in complex mod@ositinuum mechanics is no
longer valid from this point. The threshold betwgxérase Il and Il is considered

the failure point.

Figure 2-16 presents a typical fatigue curve immadized complex modulus (values di-
vided by the initial modulus obtained) curve anagdangle in function of number of cycles.

In addition, the three aforementioned phases atdighted.

1.0 T I 14
M - 12
0.8 1 4 Lo

] 1 ‘Q— i 10

=) 0.6 : : ! - 8 C
o 1 ' -6
024 ! ! [
T 1 A ||
0.0 k | 1 1 | 0

0.E+00 2.E+05 4.E+05 6.E+05
N (cycles)

Figure 2-16. Three phases of fatigue testing eimiuth complex modulus (normalized),

phase angle and number of cycle axis.

One issue highly discussed in the literature byyvathors is about the criterion which
defines failure in cyclic tests. Some criteria fdumn literature are based on global measure-
ments during the test, while others are based cal lneasurements. Criteria based on global

measurements are:

e 50% complex modulus losbl{so%): When the specimen loses 50% of its com-
plex modulus |E*]) it is defined failure. This criterion is usednmost fatigue
standards (NF EN 12697-24, 2012). Due to the faat the 50% loss in the

stiffness is a good approximation, this criterias ibeen used for a long time.
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However, this is an arbitrary choice and neglelsesinbfluence of others phe-

nomena in complex modulus measurements.

Phase angle behavidXi(sioper): A phenomenological failure definition used to
define failure is based on phase angle observdiioring a cyclic test the phase
angle has a trend of increasing, but when the mahternot able to resist to

additional loading, the phase angle changes sl tadruptly, most of the times

decreasing its value.

Fatigue curve concavity chandé{oncavity: This criterion is based on the iden-
tification of point that switch from phase Il togde 111

Energy: The dissipated energy by the material dutfie fatigue test is another
criterion (Hopmann et al. 1989). The parameter IBRsipated Energy Ratio)

presents an abrupt slope variation when the mateaahes to failure. This cri-

terion will be not used in this dissertation.

Local measurements performed individually on eadkresometer data can reveal the

local behavior of the sample during the test. Thegeria is based on the specimens’ loss of

loading homogeneity during the test caused by therotracks appearance. Main local criteria

are:

Strain variation Nkt.4.ax): failure is defined when the measured strainatem
value (&) of one of the extensometer exceeds 25% (in atesellue) (Soltani
1998, Baaj 2002). Measured strain variation valtig) {s calculated according
to Eqg. 2-16, where; is the strain amplitude of one extensometer &and the

average amplitude from the three extensometers.

& —¢&o
Ag; = Eq. 2-16
€o

Phase angle variation {\,): similar to the last one, but based on phaseeang|
variation (¢i) individually measured for each extensometer. fHiare is de-
fined on the pointlp; exceeds 5° (in absolute value). It is calculatezmbeding

to Eq. 2-17, where; is the phase angle measured in one extensometerian

the phase angle of the average strain.

Ap;,=@;— @ Eq. 2-17
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2.6. Cracking in bituminous materials

2.6.1. Cracking distresses presenting in flexible pavements

LCPC (1998) defines crack as one or many ruptumesliappearing on the surface of the
roadway. It is the most common distress in roadweagand the world. The appearance of crack
on the surface of the road can have several origioan be resulted from structural deteriora-
tion (e.g. deterioration starting in base layer aaitécting to the surface layer), or resulted from
superficial deterioration. Typical cracking &HWA 2003) are listed as follows:

» Longitudinal: cracks parallel to the road paintee$ (c.f. Figure 2-17(a)). Nor-
mally located within the traffic lane but not iretkvheel path. Can be load or
non-load related depending on how the crack istipogid on the lane.

» Fatigue: cracks caused by repeated load as distussection 2.5. Character-
ized by the interconnect cracks resembling anatthigskin (c.f. Figure 2-17(b)).

* Transverse: cracks oriented perpendicularly tortdas direction (c.f. Figure
2-17(c)). Normally located over Portland cementarete joints. Could be also
caused by the mixture shrinkage due to low tempegat

* Reflective: crack resulted from deteriorated pavemiundation. Figure
2-17(d) presents an example of this type of crack.

* Block: cracks connected forming rectangular pigess Figure 2-17(e)). Nor-
mally resulted from freeze-thaw cycles on roadways.

» Edge: group of cracks located near to the pavemeéges adjacent to the un-
paved shoulder (c.f. Figure 2-17(f)). Could be ealisy poor geometry or drain-
age near the pavement edges.

(b) (c)
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(d) (e) ()
Figure 2-17. Different types of cracks found inxflde pavementsRHWA 2003) (a)
Longitudinal Cracks, (b) Fatigue Cracks, (c) Trarse Cracks, (d) Reflective Cracks, (e)
Block Cracks, (f) Edge Cracks

2.6.2. Introduction to Linear Fracture Mechanics (LFM)

On this section a brief introduction about Lineaadture Mechanics will be given. The
theory in details can be found in Besson (2004),(B878), Fantozzi et al. (1988), Janssen et
al. (2002), Leblond (2003) and Miannay (1995). LEssumes that: (i) the material is non-
heterogeneous (continuous media) with elasticaliad isotropic behavior, and (ii) the crack
is flat and has a straight front. These assump@oaschematized in Figure 2-18.

Figure 2-18. Crack representation: perpendiculanglo the crack plane (Di Benedetto
& Corté 2005).

Irwin (1957) showed there are threelependent kinematic movements relating upper and
lower lips from a crack. These are the three mamades of failure (c.f. Figure 2-19) and the
mixed mode as follows:

* Mode I: opening mode. The plus frequent in fractaezhanics.
* Mode II: plane shear mode, the shear directiommisal to the front of the crack.
* Mode lII: out of shear mode, the shear directiopagallel to the front of the crack.

 Mixed mode: combination of | and either Il or Il.
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I II III

Figure 2-19. Fracture failure modes (Bui 1978)

Using the theory of elasticity, and in the cas@lahe deformations, Irwin (1957) estab-
lished the stresses at each péir(t.f. Figure 2-18) near the crack. Thus, for tbeezlocated

at the point of crack, the general form for thesdrg; ;) is obtaining according to the following

equation:
0y = ifi"-‘(f)) +0[1/(1)°°] Eq. 2-18
\2mr Y
Where:

a. corresponds to indexes |, 1l or 11l accordinghe fracture failure mode considered

f: function ofé (c.f. Figure 2-18)

0(x) symbol means that the terms are negligible awehnenr tends to 0

Ki, Kii, Kii are the stress intensity factors, correspondingddes |, Il and Il respec-
tively

WhenK, reaches a critic valu€,.c, the crack starts to propagate. Specifically,dhiec
value in mode |, called fracture toughndsg), characterize the material resistance to cracking
propagation.

Stress intensity factors are determined at boundamngitions. It depends on the applied
loading, specimen’s geometry, and crack geomeatrgakes presenting simple testing config-
urations (geometry and loading), it is possiblelntify the loading stressand to express the
stress intensity factor in mode I in the form:

K, =f(F,aY) Eq. 2-19
Where:
F: applied loading
a: crack height

Y: specimens form factor
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Concerning the pre-notched four point bending sesticimen (c.f. Figure 2-20), the fol-
lowing analytical equation allows to determine $tr@ss intensity factor in mode | (Fantozzi et
al. 1988):

3P(L

2 BW? y( Wa Eq. 2-20

K, =

Where:
P: force at failure
L andl: distance between the supports and distance betpasts of loading, respec-
tively
B and W specimens height and width, respectively
a: crack height
Y (x)} form factor (dimensionless)

x = a/W notch relative depth

A
v

4 »
<% »

Figure 2-20. Pre-notched four point bending testspen

2.6.3. Fracture energy determination

Bituminous mixtures are considered as semi ductdéerials. The energy dissipated dur-
ing the crack propagation consists in a combinatibtine dissipated energy due to creep and
the dissipated energy due to fracture itself. Havefor tests at very low temperatures, the
energy dissipated during the test is only due édfthcture (Song et al. 2006). According to Li
et al. (2008), the dissipated energy due to creepases along with the increase in the test
temperature. Thus, the fracture characterizationlshbe performed at low temperature in or-

der to avoid the undesired influence of anotherag@mmechanism. In this case, the fracture
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energy Gr) corresponds mainly to the dissipated energy dubd failure alone. It is defined
as the necessary energy to create a surface vaitieck. Therefore, fracture energy can be
obtained by the area under the full loading curve test in the axes Force)(versus displace-
ment (1), as showed in Figure 2-21 if viscous dissipateetgy can be neglected.

In order to calculate the total fracture energyarrtie loading curve, Rilem TC-50 FMC
(RILEM 1985) recommended the use of Eq. 2-21 foeam subjected to bending.

Eq. 2-21

WhereW is the work of fracture, calculated from the aneder theP vsu curve, m is the
beams weight is the gravitational acceleration (9.81 fj/so is the displacement correspond-
ing to beam total fracturéyig is the area of initially uncracked ligameAid = B(W-a), where
ao is the notch height. For small specimens, the Iseaeight is negligible and the second term
of Eq. 2-21 fngw) could be eliminated. Therefore, the fracture gndérecomes:

Wo

Gr=———
F B(w —ay)

Eq. 2-22

/ Wmmm

u

Figure 2-21. Determination of area under the logdirve in the axes force (P) and dis-

placement (u)
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2.6.4. Crack propagation tests for bituminous mixtures

2.6.4.1. Different types of tests found in literature

Fracture mechanics theory have been largely usstlitty the cracking behavior of bitu-
minous materials. Normally using mode | of fract(gé. Figure 2-22). Some studies in monot-
onous solicitation have been carried out. Howewesstly of studies in literature consider cyclic
loading, given the cyclical nature of pavement Bgubth climate and traffic related) and apply
Paris law (Paris & Erdogan 1963):

ac _ n Eq. 2-23
T = AK) g.

dc/dNis the advancement of the crack in the c)¢l& is the maximum value reached by
the stress intensity factor in the cydleA andn are constants of the material.
The cracking studies in mode Il concerning biturnmmixes are not very common, how-

ever, this type of solicitation is always presemtp@avement during the traffic loading. There-

fore, further work on shear mode is necessary.

Bitumen (B)/Mix (M) —

Test Principle Monotonic (m)/ cyclic ()| ™M°de

| Crack B—-m
A/ M—corm
1 t
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Figure 2-22. Different types of cracking propagatiests in bitumen and bituminous
mixtures (Di Benedetto & Corté 2005)

2.6.4.2. Four Points Bending Notched Fracture (FPBNF) test

Four-point bending notched fracture (FPBNF) testdésigned at the University of
Lyon/ENTPE by Nguyen et al. (2008) and further usgdedraza (2018). Tests are conducted
in prismatic beams using a servo-hydraulic pres® Jpecimen is placed over two supports
measuring 36cm of distance between each otherbelogv two points of loading measuring
12cm of distance between each other. Moreovere thireear VVariable Differential Transducers
(LVDT) are placed on supports (LVDT 1 and 3) andb@mam center (LVDT 2) in order to
measure the axial displacement in these three pddgam’s deflection is calculated by the
LVDT 2 measure corrected by the punching effetheflower supports into the beam, obtained
from LVDT 1 and 3 measures. Thus, it was calculatszbrding to the following equation:

LVDT1 + LVDT3

Deflection = LVDT2 — 5 Eq. 2-24
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Figure 2-23. Four-point bending notched fractureBNF) test at ENPTE (Nguyen et al.
2008)

2.7. Overview of geosynthetics for pavements re-

inforcement

2.7.1. Background

Interlayer reinforcement has recently gained redesas’ and constructors’ attention due
to its capability to enhance flexible pavementdqrarance. The inclusion of a new layer pre-
senting some desired (or designed) characterisinsenhance the performance of the pave-
ment on many levels. COST Action (2006) listed sdrerefits delivered by interlayer rein-

forcement:

* Increase pavement fatigue life.

* Minimize differential and total settlement.

* Reduce rutting — surface and subgrade.

* Prohibit or limit reflective cracking.

* Increase resistance to cracking due to frost heave.

* Bridging over voids

Interlayer reinforcement emerged in the 1930ssadwdion to improve pavement structure
performance by using woven cotton sheets immensdajuid bitumen (Beckham & Mills
1935, Beck 1999). In 1937 occurred the first attetopeinforce a deteriorated pavement from
reflective cracking by using steel mesh (c.f. Fg@r24) in Michigan/USA (Williams 1953).
In the 50s, great development of airport pavememntd the construction of more than 1 million

km of road lane and 140 kmz of pavement constroaiccurred (Beck 1999). Moreover, fast
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roadways deterioration contributed to more invesitsén effective rehabilitation methodolo-

gies (Barksdale 1991). In the 60s, engineers flarlinited States, Canada, and Great Britain
used wire mesh and expanded metal as reinforcesokritons. Those products returned a re-
duction in fatigue and cracking on the reinforcedds. However, the good performance was
only obtained if the reinforcement was correctlgtalled, and the products used were very
difficult to install (Carver & Sprague 2000). Anethdrawback was concerning the pavement

recycling process.

Figure 2-24. Installation of steel mesh for reisfment of pavements in Michigan/USA
(Williams 1953)

In the 1970s when the American Federal Highway Audstiation (FHWA) instituted the
“National Experimental Evaluation Program” to reduceflective cracking in roadways
(FHWA 1974, Carver and Sprague 2000). In 1972C#igornia Department of Transportation
(Caltrans) quantified the positive effects of nones geotextiles that were later approved by
FHWA as an interlayer solution to the reinforcemaintoadways (Roschen 1997). Those rein-
forcements presented beneficial aspects to thenpavie such as stress relieving and water-
proofing. However, they were unable to containréfeective cracking development. Thus, in
80’s, manufacturers began to develop geogridsjraé82 they were firstly used for the bitu-
minous mixtures reinforcement in England. Many aeske efforts have been carried out at the
University of Nottingham since 1981 using TensarlAdRids, fiberglass and polyester grids.
Those studies had as objective to quantify geogeidormance in the rutting and reflective
cracking prevention as well as to extend the fatigfe of pavements. Bending tests (Brown et
al. 1985, Hughes 1986, Gilchrist & Brown 1988) dieid trial in the University of Notting-

ham’s Pavement Test Facility was carried out (Auatid Gilchrist 1996). From the results was
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concluded that the geogrid did not affect the paaenstiffness, the fatigue life was increased
by a factor of up to 10, the rutting was reducedldgctor of 3.

In the following years, new products have been pesl in the 90s, such as geocompo-
sites coupling geogrid with geotextiles solving gomstallation issues. New research emerged
in order to replicate the theoretical success efrtaw products and in-field applications. In
France, SETRA (1997) and the guide STEBeI(vice Technique des Bases Aérien(E399)
brought the geocomposites as an effective reinfoece solution to reflective cracking. COST
Action 348 (COST Action 2006) was a European redeaffort to characterize pavements
reinforced by steel meshes and geosynthetics. dliteving countries collaborated in this re-
search effort: Austria, Belgium, Croatia, Czech &#ye, Denmark, Finland, France, Germany,
Greece, Hungary, Netherlands, Norway, Poland, Baltislovakia, Spain, Sweden, Switzer-
land and United Kingdom. COST Action (2006) comgittocumentation and existing guide-
lines about the mentioned products, pointed oubt#st laboratory testing procedure, and re-
viewed the available design methods. The reportlooed that, despite the many benefits ob-
served experimentally, there was no direct linkueein test results and design procedure. In
addition, concerning different loading conditionspavement performance prediction, there
was no validated design method. They finally recended more effort into creating more
user-friendly generic design tools.

Recently, some authors have been preferred filtergiaogrids to reinforce bituminous
mixtures (Nguyen et al. 2013). In France, theresarae examples of fiberglass geogrid utili-
zation to combat mainly reflective cracking. Fig@r25(a) presents the construction site of the
rehabilitation made in Toulouse Blagnac Airporturced in 2010. Figure 2-25(a) presents he
construction site of the rehabilitation made in dwde Gaulle Airport in Paris in 2016 per-
formed by Colas. Figure 2-26 presents one pictfithe reinforced pavement execution by
EIFFAGE Infrastructures with the fiberglass geodiiotex Glass C® provided by Afitexinov
in Montélimar in 2018.
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Figure 2-25. Construction sites with use of fibasgl geogrid solution to reinforce pave-
ments against reflective cracking in France: (a)ldase Blagnac Airport, October 2010 (6D

Solution website), (b) Rehabilitation of Charles@ulle Airport, Paris 2016 (Colas website).

Figure 2-26. Construction site with use of fibesglgeogrid solution to reinforce the

highway A7 in Montélimar in 2018 by EIFFAGE Infrasttures using the fiberglass geogrid
Notex Glass € provided by Afitexinov

2.7.2. Types of geosynthetics interlayers

Pavement interlayers are defined according to MTIB@9) as “materials or combina-
tions of materials that can be placed within a pasa system during new construction, reha-
bilitation or preservation in conjunction with ameslay or surface treatment to extend pave-

ment service life”. Many different types of inteyé&a products have been suggested from the
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60s, however, only geosynthetics interlayers waldiscussed due to the scope of this disserta-
tion.

According to Donovan et al. (2000) “geosynthetiissthe group of flexible and synthetic
polymer materials, presenting thin thicknesses] fisesoils, pavements, and bridge decks re-
inforcement. For reinforcement purposes of paveséhe following six are commonly sug-
gested (Al-Qadi et al. 2008a, MTAG, 2009):

» Geotextile (or Fabric): most used type of geosytiteecan be woven or non-wo-
ven, permeable synthetic fibers saturated withnbé forming a porous fabric.
Placed with a bituminous mixture overlay or chipls&igure 2-27(a) presents an
example of geotextile.

» Paving mat: composed by non-woven fiberglass ahgepter hybrid material sat-
urated with bitumen. Placed with a bituminous migtoverlay. Figure 2-27(b)
presents an example of paving mat.

» Geogrid: is the reinforcement product used in dmsertation, can be composed of
high-density materials (polypropylene, polyethylefii@erglass, carbon fiber, pre-
senting an open mesh structure greater than ot egainch to allow interlocking
with the surrounding bituminous mixture. Coatedhwiblymer or bitumen could
be self-adhesive or bounded with bitumen emulsikitached with a non-woven
(or knitted) material to facilitate the installatioFigure 2-27(c) presents an exam-
ple of it.

» Geocomposite: composition of two geosyntheticsedéiit. Conceived to combine
two functions of different geosynthetics (e.g. feirnement and filtration). Figure
2-27(d) presents an example of it.

* Geomembrane: material very soft, in thin sheetsilotberized and/or polymerized.
Also coated with polymer or bitumen could be selh@sive or bounded with bitu-
men emulsion. Figure 2-27(e) presents its instaltah a construction site.

» Geocells: cubic cells made from slotted aluminureest or pre-assembled poly-
meric frameworks. They are used for soil confinemeproving the soil bearing
capacity. Figure 2-27(f) presents its installatio@a construction site.
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(f)

Figure 2-27. Different types of geosynthetic iragdr for pavement reinforcement: (a)
Geotextile (MTAG 2009), (b) Paving Mat (MTAG 2009¢) Geogrid (MTAG 2009), (d) Ge-
ocomposite (MTAG 2009), () Geomembrane (MTAG 2009)Geocell (Pavco Geos8it

2.7.3. Geosynthetic functions and behavior mechanisms

The primary functions of geosynthetics are sepamatiiltration, reinforcement of both
bound (detailed in section 2.7.6) and unbound Bfeetailed in section 2.7.5), drainage (mois-
ture barrier) and stress relief. Different typegebsynthetics are designed to present a combi-
nation of these functions or at least one of th@eogrid, for instance, presents the function of
stress relief and reinforcement when used in bibams mixtures. On the other hand, a geotex-

tile provides the separation of two dissimilar saiked in base layer and subgrade, and also
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provide filtration secondarily by relieving the \eapore pressure in the soil overhead the geo-

textile (Zornberg and Thompson, 2010).

» Separation: consists in ensuring the integrity isgichilar materials so the func-
tioning of both materials remains intact (Koern@02). Normally, non-woven po-
rous geotextiles are used to this end. It can at@gumping of subgrade fines to
the top layer caused by dynamic traffic loadingisidase is also effective to avoid
the penetration of stone particles into softerigy@hich could result in local shear

failure. Figure 2-28

ML f\T
$. of

ASPHALT SURFACE LAYER ASPHALT SURFACE LAYER

Z

O

8

ny CX

'!\!\!\!\7\,- &
Pavement without geotextile, showing Pavement with geotextile, showing
subgrade intrusion into the base course reduction of base contamination
(a) (b)

Figure 2-28. Separation function example of a gdi¢eplaced between base aggregate
and a soft layer underneath (Zornberg and Thom@@i0): (a) without geotextile, (b) with

geotextile.

» Filtration: defined by Koerner (2005) as “the eduium of a geotextile-soil sys-
tem that allows for adequate liquid flow with limdt soil loss across the plane of
the geotextile over a service lifetime compatibléhvhe application under consid-
eration”. An example of geotextile to filtrationiis a pavement trench drain (c.f.
Figure 2-29).
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Figure 2-29. Pavement trench drain using a gedeehiti filtration (Zornberg and

Thompson, 2010)

Drainage (moisture barrier): moisture arising frommwater in pavement layers
could lead to a faster deterioration. Geotextiled geomembranes could be em-
ployed to avoid the water accumulation forcing Weger to flow in the direction
to the shoulder drain system. The geosynthetistmassivity is defined according
to Eq. 2-25, wheré is the transmissivitykp is the in-plane hydraulic conductivity,

andtg is the geotextile thickness at a specified nononassure.

0 =k,-t, Eq. 2-25

Reinforcement: in this case, for both bound andounbd layers, the geosynthetic
has a function to provide additional capacity tpmurt loading. Geotextile, ge-
ogrid, geocomposites, and geocells are commonlg tsehis end. More details
about geosynthetic reinforcement are discusseedtion 2.7.6 for bound layers
and in section 2.7.5 for unbound layers.

Stress relief: consist of the function of dissipatihe excess amount of energy due
to traffic loading, which would contribute to theack propagation process (Barks-
dale, 1991). According to Lytton (1989), the stnedief capacity is responsible for
retarding the crack development since when the&kagesches the interlayer it stops
propagating due to the lack of energy. Monismitkd &vetzee (1980) called a
“crack arrest” phenomenon the interlayers’ capaeftyedirecting the crack from
its original direction to the horizontal plane, doats stress-relief properties.
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2.7.4. Geosynthetics important properties and characterization

Some geosynthetic properties are important depgnoiinthe engineering condition in
which they will be used and designed. These prigseare grouped into five categories: phys-
ical, mechanical, hydraulic, endurance, and degi@udn addition to those, geosynthetics can
be characterized as index or performance (ZornbedyThompson, 2010). Index test are de-
scendants of testing used for the industrial fabdiecades ago, however, they do not provide
much engineering information. Whereas the perfomedests were conceived to provide en-

gineering information used to design geosynthetics.

* Physical properties: mostly obtained with indextites used to characterize in the
as-received, manufactured condition. Example ofsay properties: specific
gravity, mass per unit area, thickness and stiffn€sese are properties focused on
short-term behavior of geotextiles

» Mechanical properties: compressibility, tensileesgth, tear strength, puncture
strength, and seam strength. They are geosyntiedtivior when subjected to dif-
ferent types of loading. Some mechanical properiash as strength value, are
very important since they describe geotextile’semted performance in the field.
These are properties focused on short-term behaf/igeotextiles

» Hydraulic properties: are related to the abilitywadter to flow through a geosyn-
thetic. They are important depending on the gedsfitt function. Example of hy-
draulic properties: porosity, percent open arepasmt opening size (AOS), per-
mittivity, and transmissivity. These are properfiesused on short-term behavior
of geotextiles

* Endurance properties: focused on long-term geosyiotbehavior, these proper-
ties are related to the damage during installaimample of endurance properties:
creep response, stress relaxation, long-term abgggbrasion, and installation
damage.

» Degradation properties: also focused on long-teeosgnthetic behavior these
properties address different mechanisms includiticgawiolet light (sunlight),
chemical reactions with polymers, and/or thermajrddation.

Table 2-3 summarizes the most important charaetgoiz methods for geosynthetics
standardized by ASTM.
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Table 2-3. Geotextile properties and characteondiest methods standardized by
ASTM (Zornberg and Thompson, 2010)

Property Reporting Units Standard Test Designation
Grab Strength Ibf (kN) ASTM D 4632
Sewn Seam Strength Ibf (kN) ASTM D 4632
Tear Strength Ibf (kN) ASTM D 4533
Puncture Strength Ibf (kN) ASTM D 6241/ ASTM D 433
Permittivity sed ASTM D 4491
AOS US Sieve No. (mm ASTM D 4751
Ultraviolet Stability % ASTM D 4355

The grab strength test is one of the most impotésts since it provides the tensile strength
of tested geosynthetic. In France, it is standaditzy NF EN ISO 10319 (2015). The test con-
sists of clamping two opposite ends of a specimea lnydraulic testing press and stretching
the specimen until failure occurs. The resultsraported in the function of the geosynthetic
strain and the force necessary to reaches failnrth® specimen. The maximum tensile re-
sistance associated with the specimens’ straiailatré is the key parameters to the reinforce-

ment of bituminous pavements.

2.7.5. Reinforcement of unbound layers

Geotextiles, geogrids and geomembranes are commsgely to reinforced unbound lay-
ers. Several studies suggested that geosynthationees pavement structures when used at
subgrade-aggregate base interface (Barksdale ¥9&0, Hass et al. 1987, Webster 1991). In
addition, its stiffness is very important to thedaeinforcement (Barksdale et al. 1989; Web-
ster 1991). According to Holtz et al (1998), thédwing three mechanisms the reinforcement

are primarily responsible for the reinforcement:

1. Lateral restraint: is the capability of providirensile resistance to lateral aggre-
gate movement from the friction between the gedmtit and the particles (Al-
Qadi & Bhutta, 1999). Aggregates tend to move &lgmwhen subjected to traf-
fic loading, which could result in rutting. Figu2e30(a) illustrates this mecha-

nism.
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2. Increased bearing capacity: geosynthetic interlayesents more maximum ten-
sile resistance when comparing to weak soils. Ttinesyeinforcement leads to an
increase in the bearing capacity. Figure 2-30(b3tifates this mechanism.

3. Membrane type of support: protects the underneaidr by stress-relief. Figure

2-30(c) illustrates this mechanism.

Lateral Shear Reinforced Membrane
Shear Surface Tension

Lateral Restraint Due to Friction Unreinforced Shear Surface Vertical Membrane Support

(a) (b) (©)
Figure 2-30. Scheme of unbound layers reinforcemathanisms provided by geosyn-
thetics (edited after Zornberg and Thompson, 20(H))Lateral restraint, (b) Increased bear-

ing capacity, (c) Membrane type of support

Several studies have been conducted in the laga@, in both, laboratory scale and full-
scale field tests (Giroud & Noiray 1981, Al-Qadiatt 1994, Tang et al. 2008, Mamatha et al.
2019). Those studies have showed benefits congerentuction in plastic deformation, and
relieving stresses at the top of subgrade. Othéiest indicated that geosynthetic reinforcement
could lead to a reduction in base thickness rewylith substantial reduction in construction
costs (Halim et al 1983, Kennepohl et al. 1985kBadale et al. 1989, Al-Qadi et al. 1994).

According to Tang and Yang (2013), geogrid/geocatie reinforcement could arrest the
degradation that leads to a lack of ability in spliag the traffic load, in the base layer. This
was caused by the combination of tensile reinfoergmconfinement effects and good inter-
locking between particles and reinforcement. Camoegr geocells, its benefits were only no-
ticiable at higher strain levels (Nair & Madhavitha 2014).

Mamatha et al. (2019) focused on the flexural befta¥he author argued that the geo-
synthetic reinforcement behaves as a flexible Rysnbedded between layers in pavement
structures. Thus, the investigation of its flexusahavior leads to a better comprehension of

reinforcing mechanisms. From three-layered beandibgrtest, the author concluded that the
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reinforcement by geogrid/geocell within the gramdab-base significantly improves rutting
life (factor of 11.89) and fatigue life (factor ®f88) of pavement.

2.7.6. Reinforcement of bound layers

Since de beginning of the utilization of geosynithetterlayers reinforcement, most of the
effort was focused on the unbound layers reinfoer@nhaving its peak around the 80s. How-
ever, only recently their true reinforcement patarias been acknowledged that is the utiliza-
tion in bituminous mixtures (bound layers). Pavetgper layers are critical since they pre-
sent higher tensile strain than at the subgradeeggte interface (Montepara et al. 2012).

From the increase in the funding of road rehabititealong with the decline of new roads
construction, the use of geosynthetic interlayea @a®lution to rehabilitate deteriorate roads
increase. The existing cracks in a deteriorated tead to propagate to any new overlay used
to rehabilitate due to traffic and thermal loaditigs phenomenon is called reflective cracking
(Al-Qadi et al. 2008a). Geosynthetics, particulgd®pgrids, are very efficient in the combat of
reflective cracking (Lyton 1988, de Bondt 1999, Broet al. 2001) and for this reason, they
are widely used (Al-Qadi et al. 2008a).

According to Lytton (1989), for every wheel loadspimg, three critical pulses of stress
concentrations occur at the crack tip. First, maxmshear stress occurs, followed by a bending
stress and another maximum shear stress. Thess @uks responsible for the cracking propa-
gation, which can be further aggravated by tempegatariation. Button and Lytton (1987)

defined the failure in the reinforcement as follows

* When the crack reaches the reinforcement layérigfstiff enough, the crack
moves laterally in the interface direction untd @nergy is weakened. Button and
Lytton (1987) also observed that debond occursrbdfe specimen failure, con-
firmed by Al-Qadi et al. (2008b).

* The interlayer stiffness should be sufficientlylhifpan the surrounding materials
to occur the reinforcement.

* The reinforcement interface could grant an incréasee structural capacity of
the pavement, and then, providing a thickness temum the bituminous layer.

However, this reduction is based on empirical rules

To investigate the benefits of geosynthetic reicdonent in bituminous mixtures, damage
mechanisms related to shear and bending shouldderstood. Two types of tests are majorly
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found in the literature for the characterizatiorbdatiminous mixtures reinforced by geogrids:
Interface tests and cracking propagation tests €ltiaete and Franken 1997).

2.7.6.1. Adhesion tests

The Technical Committee (TC) 237-SIB of the RILEMtérnational union of laboratories
and experts in construction materials, systems sémdtures) divided the adhesion test meth-
ods into two groups: destructive (torque testsastest, etc) and non-destructing (Hammer test,
Falling Weight Deflectometer, etc). In this sectisame destructive adhesion tests found in the
literature used for geosynthetic characterizatidhbe discussed.

The most used test to characterize the interfandibg is the Leutner test (Leutner 1979).
This test was developed in Germany by Leutner amsists of a direct application of shear
stress. This test can be performed in specimeherdibricated in a laboratory or cored from
the field (de Bondt 1999). Figure 2-31(a) presecteematically the device and the specimen
positioning during the test. Raab et al. (2010estigated the interlayer adhesion of several
cylindrical specimens in order to evaluate 20 défd types of tack coats. Layer-Parallel Direct
Shear (LPDS) tester, which is a modification of theutner test was used to the bonding
strength characterization. The author concludetthisitest is a good and effective method for
characterizing interlayer bond between bituminoustumes. Plug and de Bondt (2010) per-
formed modified Leutner tests to characterizedatibesion between fiberglass geogrid and
bituminous mixtures. The tests were conductedvatuating the curing time of emulsion used
as a tack coat. The author observed that the siesngth increased for the specimens with
longer curing time. Sagnol et al. (2019) perforrhedtner tests at monotonic shear loading in
bituminous mixtures with and without fiberglass gad in the interface. Specimens presented
a combination of three types of fiberglass geogwith non-woven, two types of emulsions
(bitumen) as tack coat and different applicationsnoulsion rate (residual binder) varying from
60 to 1636g/m2. The loading was at a shear displanerate of 50 mm/min until failure. The
authors concluded that the presence of geogricedsed by 60% of the shear strength of the
specimens during the tests. Moreover, the emukspgiication rate has a great effect on spec-
imens bonding. Greater amounts of emulsion resuftetiear strength closer to the value ob-
tained for unreinforced specimens. Finally, the -mmven presence decreased the shear
strength due to the decrease of interlock betweemparticles on the two layers.

Another test found in the literature used to chi@dme adhesion of interfaces containing
reinforcement by geosynthetics is the Wedge smijjttest (c.f. Figure 2-31(b)). This test was
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conceived for fracture tests (Tschegg, 1986), lseh&gg et al. (2012) used it to characterize a
geotextile and a geogrid reinforcement in bitummauxtures. Moreover, Jamek et al. (2012)
used it to characterize geotextile, geogrid, armtgmposite reinforcement. A wedge splitting
test gives an indication of resistance againstkcgaowth. Double shear tests are also found in
the literature for this type of characterizatiorgufe 2-31(c) presents the double shear tester
(DST) developed by the North Carolina State Univgr@NCSU) asphalt research team (Sa-
favizadeh & Kim, 2014). However, other similar testin be found in Zamora-Barraza et al.
(2010) and Noory et al. (2017). Zamora-Barrazd.4p@10) used the double shear to charac-
terize the adhesion strength of geosynthetic impasgl with bitumen, between two bitumi-
nous mixtures layers. Three geogrids (two polyeater one fiberglass) and two geotextiles
were combined with different types of emulsion amgblication rates were subjected to dis-
placement rate loading of 5 mm/min at 15°C. Th&aus obtained the highest shear resistance
for the lighter geotextile.

Li et al. (2014) conducted research evaluatingefifiect of grid reinforcement in bitumi-
nous mixture performance aiming at reducing thengability and providing resistance to the
cracking caused by low temperatures. The mixturereweinforced with three different grids
made of fiberglass yarns and nonwoven fabrics. @uds were biaxial (PGM-G100/100 that
has three yarns in each direction and PGM-G50/a0has two yarns in each direction) and the
last grid was multi-axial (PGM-G4). The reinforceuixtures were prepared with a PG 64-34
binder as a tack coat in a rate of 1.22Ifor the biaxial grids and 0.86l/for the multi-axial
grid. Moreover, the grids were placed in two diéfierr positions, the fiberglass side facing up
and down. The authors performed shear strengthatestdisplacement rate of 12.5mm/min
until the specimen was sheared apart. Permeatabtg were also performed in the reinforced
specimens and in a non-reinforced mixture calledtrob mixture. Finally, indirect tension
creep test (IDT) were performed in the reinforcaed aon-reinforced mixtures at the tempera-
tures of 20, -10 and -30°C and at a constant lewel lof 12, 1.5 and 0.15kN. From the shear
test, the mixtures with the glass side placed tacin presented lower shear resistance (about
35% less), and it should be placed facing dowratelbetter bonding strength. From permea-
bility results, the reinforced mixtures presenteeéfticients of permeability around 10 times
larger than the control mix. Finally, the IDT resuthowed that the reinforcement with geo-
composites reinforcement reduced the temperatunstsdaty of the material. In addition, the
multi-axial grid (PGM-G4) presented the best oMgrallement performance.

Cho et al. (2016) conducted a study to verify tR&P to the interface shear of specimens

reinforced by fiberglass geogrids. Moreover, thfectfof grid and tack coat type in the TTSP

-81 -



LITERATURE REVIEW

shift factors were analyzed. The grids were impagegh with acrylic polymer resin and differ
in the mesh opening (12.5 and 25mm). Two diffetank coats were used, PG 64-22 binder
for the 12.5mm grid and emulsion bitumen for thengbgrid, both at a rate of 0.199L/m2. DST
and Modified Advanced Shear Tester (MAST) were deethe shear test characterization. On
MAST tests, a confining loading is applied to thbe@mens along with shear loading. Constant
rate of displacement mode of loading in the MASVide was used to characterize shear bond
strength, 0.508 and 5.08 mm/min. Tests were coeduat four different temperatures: 5, 18,
32 and 48°C and normal confining pressure of 27&F&@ DST cyclic tests were conducted at
frequencies of 0.1, 0.5, 1, 5, 10, and 25 Hz angpegatures of 5°C, 15°C, 25°C, 35°C, and
45°C applying small shear strain to obtain intesfashear modulus master curve. Interfaces
containing geogrid or not were analyzed. DigitabAsis Correlation (DIC) was used to deter-
mine interface displacement. The authors conclubdatithe quality of the tack coat is more
important than grid mesh opening to the shear gtherMoreover, the interfaces without ge-
ogrid presented the same shift factors than thamsed for bituminous mixtures complex mod-
ulus previously characterized. However, the shiftdr for interfaces containing geogrids dif-
fered from the others.

Noory et al. (2017) conducted a study in ordetaracterize shear strength of bituminous
mixtures interfaces having geocomposites madebafrdlass geogrids and non-woven fila-
ments, using the DST device. Seven parameter watgseed: tack-coat application rate (0, 0.5,
1, and 1,5kg/m?), testing temperature (10, 20, 18D 40°C), grid mesh opening (22, 33, 67,
111mm), loading frequency (0.25, 1, 3, 5Hz), logdamplitude (2 and 4kN), mean texture
depth (0.097 and 0.81mm) and penetration indextofien tack coat (76 and 97mm/10). The
author monitored the shear stiffness variatioruimcfion of loading cycles and they observed
three distinct stages in this curve. The first stags characterized by bitumen action and more
than 50% of stiffness was lost during this stadee $econd stage was linear and third a rapid
stiffness decrease, similar to a fatigue curve WehaTemperature was the most influent pa-
rameter to shear stiffness followed by the tack epglication rate. Grid mesh sizes were the
third more influent parameter, but only for whemmal confining loading was applied. Bigger
grids mesh sizes presented higher shear stiffreassube more contact between the two layers
increased the interface bonding strength.

In Italy, the Ancona Shear Testing Research andy&Aisa(ASTRA) was developed for the
characterization of shear properties (c.f. FiguBi@l)). This device is a direct shear box, very
similar to the one used in soil mechanics. Pasaiial (2015) used it for the evaluation of the

shear resistance in the interface of the layerth®specimens cored from the field and also for
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the same mixtures reproduced in laboratory. This tee performed at a temperature of 20°C
and at the stress amplitudes of 0.0MPa (laboratfrgMPa (field and laboratory) and 0.4MPa
(laboratory). However, the unreinforced sectioncgpens failed during coring operation, and
the test could not be performed. From the resiitained in the ASTRA test for the field spec-
imens, the author observed that the elastomericbhrame with 12.5mm mesh presented the
best shear interface resistance. It was also obdehat the tack coat reduces the adhesion and
reduces the shear interface resistance. Finalymitling process did not have great impact in
the shear resistance. Regarding the tests perfoimtée laboratory specimens, from the AS-
TRA test, it was confirmed that the presence ofgib@composite reduces the bonding between
layers. Moreover, Ferrotti et al. (2011) and Camaeset al. (2015) used this device to charac-
terize the shear resistance of interfaces coniir@mforcement by geogrids.

More recently, Attia et al. (2017) proposed a n@paaatus to characterize interfaces be-
tween bituminous mixtures called 2T3C Hollow Cykndc.f. Figure 2-31(d)). The mentioned
author used the device to apply torsion and comspredo hollow cylinder specimens at the

same time. The interface behavior was obtainedyusI€ analysis.
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Figure 2-31. Destructive adhesion test charact@oizachemes: (a) Leutner Device
(Sagnol et al. 2019), (b) Wedge splitting test (leggy et al. 2012), (c) Double shear tester
(Cho et al. 2016, Safavizadeh and Kim 2014), (dJRA& device (Ferrotti et al. 2011), (e)

2T3C Hollow Cylinder Apparatus (Attia et al. 2017)

2.7.6.2. Cracking resistance tests

Most of the geosynthetic laboratory and full-saglaracterization is aiming at evaluating

its performance to combat cracking in road paveméntiaboratory scale, the characterization

through reinforced beams bending tests are widelpd in literature. Different types of spec-

imens can be found in literature for the bendiststevarying from slabs to beams with different

dimensions. Finally, distinct interface positiomsreinforced specimen heights are found. Ta-

ble 2-4 summarizes the constitution of the specgrienbending tests found in the literature.

Table 2-4. Beams dimensions found in the literatoreéests with reinforced specimens

Specimen dimensions
Thickness (mm) ]

Reference Test type Width Length

Upper Lower

(mm) (mm)

Layer Layer
Khodaii et al. (2009) Slab Bending 75 0 150 380
Virgili et al. (2009) 4Pb 45 30 100 305
Ferrotti et al. (2011) 4Pb 45 30 90 305
Zamora-Barraza et al. | Anti-reflective 50 (40

_ 50 50 305

(2011) cracking test notch)
Millien et al. (2012) Tensile bendin 50 50 110 560
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100 and 400 and
Montepara et al. (2012) 3PB 40 20
500 500
Romeo et al. (2014) 3Pb 40 20 100 400
Safavizadeh et al.
4Pb 36 18 64 400
(2015)
Canestrari et al. (2015) 3Pb and 4Pp 45 30 90 24(
. , _ 50, 70
Fallah & Khodaii (2015) Bending device 70 150 450
and 90
Gonzalez-Torre et al. Reflective
_ 50 50 260 410
(2015) Cracking
Obando-Ante & _ )
_ Bending device 50 50 200 480
Palmeira (2015)
Simulative Re-
Pasquini et al. (2015) flective Crack- 35 45 80 285
ing tests
Arsenie et al. (2016) 4Pb 25x50x25 100 630
Chantachot et al. (2016 Bending device 30 30 385 0301
o 45 30 90 240
Graziani et al. (2016) 3Pb
50 50 100 400
Nejad et al. (2016) Bending devide 50 70 150 450
Zofka et al. (2016) 3Pb and 4Pb 70 30 200 400

Note: 3Pb, three points bending; and 4Pb, fourtgdiending.

The recent cracking characterization is mainly gszlion two types of distresses: mitiga-
tion of reflective cracking and increase in thegiaé resistance. Ferrotti et al (2010) conducted
4Pb tests on beams reinforced by fiberglass geagrayclic force controlled (1kN) and con-
stant frequency (1Hz). Four beam configurationsewiested, two unreinforced (having inter-
face and not), and two reinforced (emulsions tawkt:chitumen and polymer-modified). The
authors observed an increase in the specimenaesestue to geogrid reinforcement: 2.8 times
greater for specimen with emulsion bitumen andwks$ greater for specimen with emulsion
polymer-modified. However, the reinforced specimpresented higher vertical deformation
due to weaker bonding between bituminous mixtuagers.

Millien et al (2012) conducted a work aiming atifA@ng the reflective cracking perfor-
mance of two reinforced specimens (Fiberglass ge@grd Carbon fiber) comparing to one

unreinforced only presenting an interface bondedrbuylsion bitumen. Tensile-bending device
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was used to conduct the tests performing tensadithg and bending loading at the same time
at temperature of 5°C. Tensile loading represetitedhermal effect and was conducted in a
displacement rate of 0.01 mm/min. Cyclic-bendinading represented the traffic loading and
was conducted in displacement amplitude of 0.2 mchfeequency of 1Hz. From results, au-

thors observed grid interface increased the glstvahgth by a factor of 60%. Moreover, the

reinforcement enhance the fatigue resistance ofriitous mixtures.

Arsenie et al. (2012) developed a work aiming atwaluate and predict of the improve-
ment in the fatigue resistance of bituminous migsuby the utilization of coated fiberglass
geogrid as reinforcement. The authors used the Fount Bending (4PB) test with the beam
geometry of 620x100x90mm. The grid used for reicdéonent was fiberglass with resin type
SB 383 g/m and fiber of polyester 17g/mvith mechanical resistance of 100kN/m at failure,
inserted in the height of 60mm from the top of Heam with bituminous emulsion for the
adhesion. Four tests were performed, two in bitaosnmixtures without reinforcement, one
in a mixture with two yarns grid reinforcement amake with three yarns grid reinforcement.
The test were performed with controlled strain iyohode of loading with an amplitude of
200um/m, in a temperature of 10°C and frequency of 25Hxo failure criterion were used
and compared, the criterion | defined as the deeréa half of the initial force value (loss of
50% of specimen stiffness) and the criterion llimed as the decrease to 80% of initial force
value (loss of 80% of specimen stiffness). Fromeexpental results, according to criterion I,
the mix with 2 yarns reinforcement presented 37%aidue life increment, while the mix with
3 yarns reinforcement presented 46% fatigue lidegase. From this criterion, the use of 3 warp
yarns results in an increment of 9% of fatigue Viieen compared with the 2 yarns reinforce-
ment. Regarding the criterion Il, the 2 yarns miggented 37% of fatigue life increment again,
while the 3 yarns reinforcement presented 68% datige increase. Which means 31% incre-
ment compared with the 2 yarns mix. For the modetihthe damage, the authors used the
Bondin model implemented in a finite element modefferent strain levels were used in the
damage modeling (from 130 to 386/m). The results showed an increment in the fatiga
between 33.5% and 45.5% depending of the fiberglasson.

Safavizadeh et al. (2015) conducted research aiatiegaluating different interface con-
ditions in the failure mechanisms in bituminous taie beams reinforced by fiberglass geogrid
using 4PB tests. Two different grids (25.0 and &fvbopening) and a beam with no grid were
used in the tests prepared with four different tackts (asphalt binder PG64-22, emulsion
cured, uncured, and highly polymer modified) andask coat. Double layer slabs were com-

pacted with the fiberglass reinforcement betweendiers. The bottom layer was trimmed to
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a thickness of 18mm and the upper layer of 36mmusiidal displacement bending loading
was performed in the beams at a frequency of Gdzteamperature of 20°C and a displacement
level that reaches 90f/m. In addition, digital image correlation techuggwas used to meas-
ure de strain and displacements around the crackhd failure definition, two criteria were
used: the drop in the curve of stiffnessxN (nundferycles) vs N; and the reduction of 50%
of specimen’s stiffness. From the results, the @stimoticed that the polymer-modified tack
coat resulted in the best bond quality, and iteases the fatigue life of the beams. However,
the uncured emulsion resulted in the weakest boadlitg and experienced excessive debond-
ing during the test. This leads the conclusion tektes the direct relates bond quality with
cracking mechanisms in 4PB tests. In addition,50% stiffness reduction criteria seemed to
underestimate the performance of grid-reinforcestspens.

Pasquini et al. (2015) conducted a work using gdeginforced bituminous membranes
as a method to prevent the reflexive cracking, #tng, be an option of pavement rehabilitation.
For the development of the research, a field wed constructed and the specimens were cored
from it. The section constructed was divided ino&hmilled surface and in a totally new sur-
face. For each portion different geocomposites weezl, two types of membrane compound
(plastomeric and elastomeric) and fiberglass gwih two different square mesh openings
(5.0mm and 12.5mm) and two different interface ¢mal (with and without tack coating).
Also, an unreinforced section and a geocomposiiedan the market were used for compari-
son purposes. The tests of simulate reflexive engcfSRC) were performed in prismatic pre-
notched specimens (3mm crack tip) produced in ktboy. They were conducted at a temper-
ature of 30°C and at two amplitudes of loading (82d 615N), with a rate of 21 cycles/min
wheel rubber tire passing. A digital camera is alsed for recording the crack propagation
during the test. However, the SRC tests for theigpens with geocomposite found in the mar-
ket and unreinforced were only performed for thektionde of 520N, because the specimens
could not reach the higher amplitude. The failuteeda adopted was the position of the crack,
and it occurs when the crack reaches the uppeacurFrom SRC tests, it was noticed that the
geocomposites are effective in the anti-reflexixacking role since their performance was at
least five times greater than the unreinforced ispe. Moreover, the 5.0mm and 12.5mm
elastomeric geocomposites presented the best penfme on the test. Finally, it was concluded
that the best reinforcement would be the one walbrhm mesh and elastomeric membrane
since it combined good anti-reflexive performanathwot too bad interface shear resistance

(parameters evaluated in the research).
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Zofka et al. (2016) performed 3PB and 4PB testshtiracterize bituminous mixtures re-
inforced by fiberglass and carbon fiber geogridated with neat bitumen. Tests were con-
ducted using a new universal apparatus, calle&M€ (Advanced Material Characteriser) at
13°C. 3PB tests were performed at monotonic loadiitiy a rate of 1 mm/min in displacement
control mode. 4PB tests were performed at cychdiog in a force-controlled mode for fatigue
and complex modulus tests. All experimental detaits presented in Table 2-6. The authors
observed a substantial increase in fatigue resistdne to the reinforcement and concluded
that the most effective position to place the gebfpr increase fatigue performance is at 31%
height of the beam (measured from the bottom).

In France, located at the IFSTTAR APT facility, taés an outdoor circular carousel ded-
icated to full-scale pavement experiments. Thumesavork concerning geosynthetics rein-
forcement has been conducted in this facility. jolnet al. (2012) constructed four pavement
sections, three reinforced by fiberglass geogrid ame without reinforcement. In two rein-
forced sections, a special designed film was usedlace the tack coat, and the last one was
bonded by bitumen as tack coat in an applicatite 38300g/m. The same tack coat and rate
was used for the unreinforced section. Standarbvdueels applied the load of 65 kN (standard
French equivalent axle load) and the loading speesi6 rounds/minute (43 km/h). The tem-
peratures varied between 20 and 28°C. In crack toxamg results, the reinforced section with
the film as tack coat was the first to present ksa@round 600 000 cycles). However, the
author reported installation problems that coutlléo a debonding in this section. After that,
the unreinforced section presented the cracks @800 000 cycles). The reinforced section
with bitumen tack coat did not present cracks. Ngugt al. (2013) referring to the full-scale
characterization using IFSTTAR APT facility condtd that the fiberglass geogrid, placed
near the bottom of the bituminous mixture layensgigantly improves the fatigue life. How-
ever, the bond quality between the geogrid anditueninous mixture layers are essential to

occur the reinforcement.

2.7.6.3. State-of-art summary

In summary, until the present date, many works enwied the benefits of geosynthetic
reinforcement to bituminous mixtures. These besedituld be related to cracking resistance
(Ferrotti et al. 2011, Montepara et al 2012, Milliet al 2012, Walubita et al 2015, Pasquini et
al. 2015, Safavizadeh et al 2015, Canestrari 208b, Zofka et al. 2016). Moreover to fatigue
resistance (Arsenie et al. 2012, de Bondt 2012jeviiket al 2012, Arsenie et al. 2016, Zofka et
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al. 2016) and rutting (Khodaii et al 2009, Virg#i al 2009, Guler & Atalay 2016, Mounes et
al 2016, Correia and Zornberg 2018). More recefiilyerglass geogrid started to be widely
used for bituminous mixtures characterization dredtack coat seems to be very necessary to
assure enough bonding. Table 2-5 summarized theygtwetics characteristics used for bitu-
minous mixtures reinforcement and the tack coatlu$¥able 2-6 presents the experimental

information concerning some works found in literatu

Table 2-5. Different types of Geosynthetics foumditerature and the tack coat infor-

mation for its installation

Geosynthetic Tack coat
Reference Type(s) Strength Mesh Type(s) Rate
e(s e(s
P (KN/m) (mm) P (g/m2)
Austin and Polypropylene geogrid Bitumen Emul-
o YPopY 9°09 22 65x65 _ 1.5 1/m?
Gilchrist (1986) (Tensar AR1) sion
Nguyen et al. , , _ 500
Fiber glass grid 100 25x25 Bitumen
(2013) g/m2
Arsenie et al Fiber glass grid with 65% of residual 600
100 40x40 _
(2016) nowoven web bitumen g/m?
_ o 150
o Fiber glass grid with , ,
Pasquini et al ) 5 and 12.5| Emulsion Bitu-| g/m?
plastomeric and elastot 40 _
(2015) _ squares men (residual
meric compounds _
binder)
Asphalt binder
12.5x12.5 PG64-22
: 0.2 I/m2
Safavizadeh et Emulsion cured
al. (2015) Fiber glass grid Not giver Emulsion un-
cured
50x50 _
Highly polymer| 0.65
modified I/m?2
Geocomposite (polyes
P (poly 38 40x40
Obando-Ante ter) o
i Cationic RR- Not
and Palmeira Wire Mesh (steel) 49 20x20 _
i 1C given
(2015) Geogrid (polyester) 128 20x20
Geogrid (polyester) 55 20x20
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Glass/Carbon Fiber ger

. . 249 20x20 SBS polymer-
Canestrari et al. ogrid - 250
: modified emul-
(2013) Glass Fiber Polymer ge- _ g/m?
) 211 33x33 sion
ogrid
Polypropylene non-wo-
ven geotextile
Polypropylene rein-
forced with glass fiber 40x40
filaments
Polyester geogrid with
Y 9809 ) 40x40
polypropylene geotextile¢
Polyvinyl alcohol ge-
Norambuena- ogrid with polypropyl- 40x40 C9 B3 Emul-
Contreras and : ) , Not
ene geotextile Not given sion (69% re- |
Gonzalez-Torre . , , given
Polypropylene stiff sidual binder)
(2016) - L
monolithic geogrid with
65x65
polypropylene/polyestef
fabric
Fiberglass geogrids with
J 9809 _ 40x40
polyester geotextile
Glass-carbon fiber ge-
ogrid covered with a bi- 20x20
tumen (G8)
_ _ 1100
Fiberglass georgrid 50 20x20
Chantachot et _ g/m?
Emulsion
al. (2016) (450 per
Polypropylene nonwo-
yp_ by _ 50 30x30 contact)
ven with glass filaments
Delbono & Giu-| Polyester fiber + poly- ) _
_ _ Not given 40x40 Emulsions 0.9 I/m
dice (2014) propylene geotextile
Polypropylene geotex-
Gonzalez-Torre| yr_) by _ J _ _ _ 1100
tile with glassfibre fila- 57 Not given Emulsion
et al. (2015) g/m2
ments
Walubita et al. Paving mat-fiber- _ Not
25 Not given PG 64-22 )
(2015) glass/polyester given

-90 -



LITERATURE REVIEW

Paving mat—fiber-

glass/polyester (angle 25
45°)
Paving mat—fiber-
50
glass/polyester
Composite grid—fiber- 50
glass grid / polyester
Composite grid—fiber-
glass grid / polypropyl- 50
ene
Paving mat—fiber-
200
glass/polyester blend
Paving fabric—nonwo-
450
ven polypropylene
Composite grid—polyest 50
ter
Tensar Biaxial Geogrid
(BX 1500) - Polypro- 20 25x25
Sobhan & Tan- pylene Liquid asphalt
. _ 50 g/m?
don (2008) Amoco PetroGrid 4582 binder
(polypropylene paving 15 30x30
fabric, and glass fiber.
Polyoxymethlene
Y y 5, 10, 20
Komatsu et al (POM) fibers (poly- 1.8 and _ 300
_ and 30 Emulsion
(1998) meric) - Normal and ac; 1.5 (GPa) ml/m?
, squares
tivated
Khodaii et al , Not
Polyester 50 40x40 Not given _
(2009) given
Fiberglass 100 12.5x12.5
Virgili et al. _ 300
(2009) Polyester 110 30x30 Emulsion g/m2
Geomembrane 40
Zamora-Barrazg Polyester, Fiberglass ) _ Emulsion bitu- Not
Not given | Not given )
et al (2011) and polypropylene men given
Zofka et al Fiberglass and carbon fj- ) no tack coat
Not given | 17.5x19.6 N/A
(2016) ber used
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] _ | 12.5x12.5| PG 64-22 and| 0.199
Cho et al (2016) Fiberglass georgrid Not given ,
and 25x25 emulsion L/m2
22, 33, 67, 0,0.5,1,
Noory et al _ _ _
(2017) Fiberglass georgrid 100 111, Bitumen and 1.5
squares kg/m2
_ _ _ Bitumen
Nejad et al. Fiberglass georgrid and 120 and Not
30x30 (85/100 pene- ,
(2016) Polypropylene 11 _ given
tration)
Montepara et al , , 12.5x12.5 , Not
Fiberglass georgrid 80 Bitumen layer .
(2012) and 25x25 given
Millien et al Fiberglass and carbon fi- 211 and | 20x20 and _ 210
Bitumen
(2012) ber 249 33x33 g/m2?
_ Emulsions: bi-
Ferrotti et al , _ 0.15
Fiberglass georgrid 211 33x33 tumen and pol-
(2011) N kg/m2
ymer-modified

N/A: Not applicable

Table 2-6. Information of experimental charactdi@aconcerning bituminous mixtures

reinforced by geosynthetics in literature

Testing Parameters
Reference Controlled Ampli- Fre-
Type Temperature
INPUT tude guency/Rate
Austin and _
o Wheel loading _
Gilchrist est Ambient Stress 300kP4 N/A
es
(1986)
Accelerated
Nguyen et al. _ _
(2013) pavement test-|  Variable Force 65kN 6 rounds/min
ing (APT)
Arsenie et al Four Point _
_ 10°C Strain 200um/m 25Hz
(2016) Bending (4PB)
Pasquini et al 0.0,0.2
(2015) ASTRA 20°C Stress and N/A
0.4MPa
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Simulate reflex-

NS

_ _ 520 and _
ive cracking 30°C Force 21 cycles/min
615N
(SRC)
Safavizadeh et Four Point _
_ 20°C Strain 90um/m 5Hz
al. (2015) Bending (4PB)
350KPa,
Obando-Ante Beam vertical _ 450KPa,
_ _ Ambient Stress 1Hz
and Palmeira loading and
(2015) 560KPa
0.0,0.2
10, 20 and
ASTRA Stress and N/A
30°C
Canestrari et al. 0.4MPa
(2013) 1,1.5and
4PB 20°C Force 1Hz
2kN
3PB 20°C Displacement N/A 50.8mm/mi
Chantachot et _ 10 to 0.1333cy-
Footing load 25°C Stress _
al. (2016) 400kN cles/min
Gonzalez- 10; 0.33;
Torre et al. Bending test 20°C Force 12kN| 0.005; 0.002
(2015) Hz
Monotonic
Walubita et al. _ _
Overlay Tester 0°C Tensile Load- N/A 3.375mm/min
(2015) _
ing
_ 222, 444,
Bending test
Sobhan & Tan- _ _ 888,
(static and cy- Not given Force 2Hz
don (2008) _ 1110, and
clic)
1332 N
Komatsu et al | Wheel tracking )
_ _ 60°C Wheel Force 686N 42 revolutior
(1998) testing machineg
Khodaii et al Cyclic loading Stress (circu- 690
_ 20 and 60°C 10Hz
(2009) in slabs lar surface) kN/m2
Virgili et al. Beam cyclic
_ 20°C Force 1KN 1Hz
(2009) compression
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Zamora-Bar- ) )
Anti-reflective Wheel pres- _ )
raza et al _ 20°C 0.65 Mpa| 43 times/min
cracking test sure
(2011)
Displacement| 1mm/min
Zofka et al _
(2016) 3Pb and 4Pb 13°C (fracture) and| and 4kN | 1Hz (cyclic)
Force (cyclic)| (fatigue)
Nejad et al. Bending beam 0, 20 and
Force 6.9kN 10Hz
(2016) test 40°C
Montepara et a] 3PB (beam and ,
20°C Displacement N/A 0.084mm/s
(2012) slab)
o Displacement _
Millien et al _ _ 0.2mm | 0.01mm/min
Tensile Bending 5°C (constant + _
(2012) , (cyclic) and 1Hz
cyclic)
Ferrotti et al
4PB 20°C Force 1KN 1Hz
(2011)

N/A: Not applicable

2.7.6.4. Fiberglass Geogrids

Nowadays, fiberglass geogrids are considered ortheobest solutions of geosynthetic
reinforcement of bituminous mixtures. Those matenesenting high-tension resistance and
flexibility at once (Nguyen et al. 2013) and arsiaremovable by milling in the case of further
pavement maintenances. Darling & Woolstencroft f@Qinted out that one great advantage
of fiberglass geogrids is the fact they are thelyraald chemically stable at 200°C, temperature
easily reached during hot mix fabrication. In andif de Bondt (1999) stated that fiberglass
geogrid provides the necessary stiffness to redo@ack energy.

Fiberglass geogrids are generally impregnatedbittmen or polymer coating. This coat-
ing process is useful to increase the compatikalitg adhesion with asphalt and protects against
chemicals and abrasive materials (Nguyen et aBR@ldea and Darling (2004) give evidence
that the used of tack coat enhances the fibergkeasgrid performance regardless of the type of
coating (polymeric or bituminous). Moreover, thdypeeric tack coat presented the best im-
provement of fiberglass geogrid performance. Asgamn of fiberglass geogrids with light pol-
yester nonwoven geotextile (about 15-40g/m?2) isalyidione (Nguyen et al. 2013). Firstly, this
material contributes to giving protection to thieefiglass yarns during installation, caused by

the tires of vehicles. In addition, it helps totdisute better the tack coat and avoid the geogrid
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local debond due to lack of tack coat. Furthermibrie,geotextile absorbs the tack coat excesses
that could lead to problems during constructiopading to Vanelstraete and Franken (1997).
The geotextile used to this end should be lighughdo grant the aggregate particles interlock
of the two bituminous layers.

Concerning its performance, many works also inéi¢d#hat the fiberglass geogrid presents
better performance to cracking resistance when eoaato the other types of geogrids (Lyton
1988; de Bondt 1999; Brown et al. 2001; Canesttal. 2015). Fiberglass geogrids are also
effective in the reinforcement of unbound (granulayers (Mamatha et al. 2019) and concrete
pavements (Al-Hedad & Hadi 2019).

Nowadays, there is still the need for the desigpasfements structures that take account
of the behavior of geosynthetics reinforcement. easv, some simplified models and proce-
dures can be found in the literature, mostly baseémpirical data, concerning only specific
products. COST Action (2006) presents a list of el®durrently used in practice in Europe,
but only two could be used for fiberglass geogeitfiorcement case:

* Anti-Reflective Cracking Design Software (ARCDESO®veloped by Ooms
Nederland Holding, finite-element based model @@&db the rehabilitation of
roadways. This software model the crack propagatidime pavement and provides
and indicative of the development of reflectiveokiag.

* University of Nottingham method: reflective crackiprediction tool. The method
is based on an estimation of cracking growth indubg traffic load (using
OLCRACK software) and by the thermal load (usingERMCR software).
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This chapter aims at describing the bituminous anexcomposition, as well as the types
of geogrids used for the reinforcement and the sio$ used as tack coat. Moreover, the in-
stallation of the geogrids during the slabs fakirmcawill be presented. Furthermore, the dif-
ferent types and directions of coring will be prasé: cylindrical specimens with interface in
two different directions, and prismatic (beam shapecimens. Finally, the experimental cam-
paign will be discussed in terms of the need ohdgpe of specimen to conduct it.

3.1. Materials

3.1.1. Bituminous Mixture

The same bituminous mixture was used to conducttitiee experimental campaign of
this doctoral thesis. According to the Europeamddiads (EN 13108-1 2016), the mixture is
calledBéton Bitumineux Semi-Gre(BBSG) 0/10. This type of mixture was already préed
in section 2.3. It is composed by mineral aggregaitigh nature rhyodactic and rhyolitic, min-
eral filer of limestone and 20% of recycled asppaitement (RAP) resulted from old pavement
milling, containing 4.75% of bituminous binder. &g 3-1 presents the mineral aggregates
gradation curve used for the bituminous mixturdwi€ation. These aggregates were mixed
with 4.40% of bituminous binder classified as 35iB0its penetration. The total bituminous
binder content in the mixture was 5.53%, considgtive amount already contained in the RAP.
This bitumen is processed at the BP Lavéra INEGiBery situated in south of France. Table
3-1 presents the bituminous mixture componentgjuyrers, nature and percentage of use. The
maximum specific gravityMVR) obtained for the bituminous mixture was 2.51 Myg/m

100
—e—BBSG 0/10

g 80 -
g 60 -
7
@ 40 A
o

20 -

0 H —! - — e
0.0 0.1 1.0 10.0 100.0

Sieve opening (mm)

Figure 3-1. Bituminous mixture (BBSG 0/10) gradatourve
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Table 3-1. Bituminous mixture components informatamd percentage of use

Product Producer Nature % use
Gravestone 6/10 CBR Creuzeval quarry Rhyodactic 0[02231%
Gravestone 4/6 CBR Creuzeval quarry Rhyodactic 2|0

Sand 0/4 S TRMC Igé quarry Rhyolitic 34.60
Filler St-Hilaire-de-Brens Limestone 1.00
RAP SRE - Belleville Post Crushed 20.00

Bitumen 35/50 BP Lavéra INEOS refinery Roadway rioi¢un 4.40

3.1.2. Geogrid reinforcement

In order to reinforce the bi-layered bituminous tanes, two fiberglass geogrid and two
emulsions tack coat were used. The geogrids wetexN®lass® fabricated and provided by
the French company Afitexinov: the Notex Glass® GB&R5 and the Notex Glass®
C100/100-25. They were composed by fiberglass yamdspolyester knitted veil, both coated
with bituminous emulsion. Moreover, both yarns préssquare mesh opening of 25mm. The
letter “C” indicates that the geogrid was previgusbated, the numbers “50/50” represent the
maximum tensile resistance on each direction in&M the last number “25” represents the
mesh opening between yarns in millimeters. The ggibr veil has the function of increasing
the bond between the geogrid and the bituminousumaxprotecting the geogrid during instal-
lation and helping to spread homogeneously the gorubduring field application. Figure 3-2
presents pictures of Notex Glass® 50/50-25, Notas§&® 100/100-25 and Notex Glass® C
100/100-25 (used in this doctoral thesis).
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Notex Glass® C 100/100-25

Notex Glass® 50/50-25 Notex Glass® 100/100-25 (coased with bisaman)

‘ Polyester knitted veil
Fiberglass Geogrids

Figure 3-2. Fiberglass geogrid Notex Glass® C 5@5@&nd 100/100-25 compositions

and coated with bitumen (used in this doctoralif)ggoduced by Afitexinov

EN ISO 10319 (2015) presents the geosyntheticslatdriests used to obtain their most
relevant characteristics. Notex Glass® geogridewsabjected to tensile test, in order to obtain
two important characteristics for the use as reggment: maximum tensile strength and elon-
gation value at failure. Notex Glass® C 50/50-26uth provide a minimum 50kN of tensile
strength in the two directions and Notex Glass®00/100-25 should provide a minimum of
100kN in the two directions, machine and cross nmactirection of fabrication. Figure 3-3(a)
presents a tensile test in machine direction faeki&Glass® C 50/50-25. Figure 3-3(b) presents
a tensile test in machine direction for Notex G&€5100/100-25.
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- Notex Glass® C 50/50 — Notex Glass® C 100/100

£ 60 £120

Z 50 £ 100

'% 40 ch 80
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(@) (b)

Figure 3-3. Force vs elongation characterizatiofib&rglass geogrid Notex Glass® C in
machine direction: (a) 50/50-25 and (b) 100/100-25

To bond the fiberglass geogrid on the interfacéhefbi-layered reinforced bituminous
mixtures, two emulsions produced by the companyFBIGE Infrastructure were used. The
first one is called Actimul® and is based on bittmi€0/220 penetration grade, diluted in water
presenting 65% of residual binder. The second swalled Emulpréne® and is based on bitu-
men 160/220 penetration grade modified with 2.6%hefpolymer Styrene-Butadiene-Styrene
(SBS). This emulsion was prepared with 64% resichadified binder.

3.2. Specimens Preparation

In this section, the specimens used for this rebeaill be detailed. Starting with the ex-
planation about the slabs configuration, fabricatmd coring. Lastly, the nomenclature will

be presented, as well as the air voids contentradatan the specimens cored from the slabs.

3.2.1. Slabs configurations

Five slab configurations were used to conduct tbsearch. They were divided into two
groups regarding the presence of interface. Cordigan A do not have interface, while B, C,
D, and E have interface and are denoted as biddygabs. Concerning the bi-layered slabs,
they are also divided into two groups regardingatesence of fiberglass geogrid: unreinforced
(configuration B) and reinforced (configurations [@;, and E). As aforementioned, the inter-

faces were bounded with two types of emulsion bénfbhased. The rate of residual binder in
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emulsion was 270g/m2 for B configuration, and 8@®¥gdivided into two applications of
400g/m2 of residual binder for C, D and E, as Wweéldiscussed in the next section. Table 3-2
summarizes the constitution of each slab configoumatetailing the interfaces and presenting
the amount of slabs fabricated to conduct thisarese An extra slab of configuration C was
fabrication with different emulsion rate in thearface. A total of 540g/m?2 of emulsion Actu-
mul divided in two applications of 270g/m? was doaed this slab is denoted in this thesis as
“CE".

Table 3-2. Five different slabs configurations ¢@gngon and total of slabs produced for

the study
Interface bound (Emulsion)
_ | Total of| Bituminous Mixture Type of : :
Configuration _ Residual Binder,
slabs | Layers (BBSG 0/10) geogrid Type
Rate
A 4 1 No Geogrid No Interface
, Bitumen 160/220
B 3 2 No Geogrid _ 292g/m?
(Actimul)
Notex Glass® ( Bitumen 160/220
C 4 2 _ 2x400g/m?
100/100-25 (Actimul)
Notex Glass®C| Bitumen 160/220
D 3 2 , 2x400g/m?
50/50-25 (Actimul)
Bitumen 160/220
Notex Glass®C|
E 3 2 with SBS (Emul- 2x400g/m?
100/100-25 R
prene)

3.2.2. Slabs fabrication

The 17 slabs having the dimensions of 600x400x150vene fabricated at the company
EIFFAGE Infrastructure at the Research and InnowaGienter in Corbas, Rhone department.
The slabs were compacted using a French wheel atorpaccording to the European standard
(EN 12697-33 2019). The slabs of configuration Aeavprepared in one layer with thickness
of 150mm. Concerning the slabs of configurationthi® fabrication was conducted by first
compacting half height slab of 75mm (first laydo)lowed by the application of emulsion tack
coat (292g/m2 of residual binder). The fabricatwas concluded by the compaction of the

second half height slab of 75mm (second layer). thlok coat rate was chosen based on the
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rate regularly used in the field to bound layersoadways constructions performed by EIFF-
AGE Infrastructure.

Regarding the fabrication of reinforced slabs (gunfations C, D and E), a similar proce-
dure as for configuration B was adopted, but iniclgdhe geogrid. The procedure is explained

in the five steps as follows:

1. First layer (75mm) slab compaction and cooling. €ijure 3-4(a)).

2. First tack coat application (400g/m?2): conductethwaid of a brush. The emulsion was
diluted in 50% more to facilitate de applicatiomen, the surface of the first layer was
divided into four parts, in order to assure an &dplé distribution along the entire area.
This is step is presented in Figure 3-4(b).

3. Geogrid placement positioning the veil upwards. idgure 3-4(c)).

4. Second tack coat application (400g/m?2): again cotetliwith aid of a brush and fol-
lowing the same procedure described in step 2.r&igw(d) presents this step.

5. Second layer (75mm) slab fabrication and compaatan the first already compacted

layer after the emulsion break (c.f. Figure 3-4&)l (f)).

The emulsion rate chosen for the fabrication affeced slabs is the recommended value
by Afitexinov to Notex Glass® field application. Wever, for laboratory fabrication it was
divided into two applications for technical reasoRise 800g/m? of tack coat in only one appli-
cation leaded ineffective distribution of emulsiarthe interface, which could provide hetero-

geneous bonding quality at different slab positiaithin the interface.
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(d) (€)

Figure 3-4. Slab fabrication of reinforced bi-laggbituminous mixture: (a) First layer

compaction, (b) Emulsion first application, (c) €iblass geogrid placement, (d) Emulsion

second application, (e) Upper layer fabricatiord éin Final compaction.

3.2.3. Specimens coring and nomenclature

To conduct this research, cylindrical and prismafiecimens were cored from the slabs,
at least two weeks after the fabrication. Cylindrigpecimens were cored with 75mm diameter
and 140mm height, and in two different coring dil@ts. Specimens named H were horizon-
tally cored, in relation to the roller compactionedtion, while those named V were vertically
cored. Moreover, some cylindrical specimens wereatm a larger diameter (136mm), named
specimens type VL (stands for “vertical large”),vierify the size effect influence in experi-
mental results of tension, as will be better disedsn the Chapter 5. Concerning the prismatic
specimens, bars in a beam shape, with dimensids/8%110mm was sawed from the slabs.
Those specimens are named as type B (stands fam®eluring this thesis.

Three coring plans were proposed to obtain the gim@amount of specimen considering
each type (V, H or B) for the development of thpenmental campaign. Figure 3-5(a) presents
the plan 1, Figure 3-5(b) presents the plan 2,Rigdre 3-5(c) presents the plan 3. Moreover,
the specimens were cored from the most centralgbdine slabs as possible. Thus, between 30
and 40mm of margins were left in the slab. Durifgeel compaction, due to the friction be-
tween the mold and the material, the borders ptedegher voids contents, which make them

not representative of the material.
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)—’ | (Roller compaction direction)

Il (Vertical)

woot

% L 10
/\

550mm

(b) (c)
Figure 3-5. Coring plans in order to obtain thrégecent types of specimen: (a) Plan 1:

mix between specimens V and H, (b) Plan 2: speanitrand (c) Plan 3: mix between speci-
men H and beams.

However, plan 1 (c.f. Figure 3-5(a)) was not usadcbnfiguration C. Instead, two other
plans were proposed in order to obtain the spesmeth a larger diameter (VL). Thus, the
plan 1 was replaced by plan 1b (c.f. Figure 3-6éay plan 4 (c.f. Figure 3-6(b)). The coring
machine used is shown in Figure 3-7(a), and tHeislicoupled with water flow to cool down
the drill and slab temperature during the coringn€zrning the coring of specimens type H,
the drill is centralized (c.f. Figure 3-7(b)) irlagon to the interface position, resulting in inte
face symmetrically centralized in the specimentlathe cored specimens (c.f. Figure 3-7(c))
are trimmed on top and bottom using a diamond bladehieve the desired height, which is

around 140mm.
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)—’ | (Roller compaction direction)

Il (Vertical)
600mm 600mm
ya y
3 2
/
/S g &

(@) (b)

Figure 3-6. Additional coring plan for slabs C tma obtaining specimens with larger

diameters (136mm): (a) Plan 1b, and (b) Plan 4

(a) (b)
Figure 3-7.Coring of 75mm diameter cylindrical Spgns from slab: (a) Coring ma-
chine, (b) Type H specimen coring, and (c) TypdgseH) and V (right) cored specimens be-
fore the final trimming

After a period of two weeks, the specimens driedamal the bulk specific gravity can be
measuredNIVA), in order calculate the air voids content (cd. B-1). Moreover, each speci-
men is named according to the system presentedume=3-8. Slab configurations: A, B, C, D,
or E. Specimen type: V (vertically cored), H (hortally cored), VL (vertically cored large
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diameter), or B (beam shape). Test type: E* (compiedulus), T (traction), F (fatigue), or B
(bending).

Specimen type/
coring direction

/ Test type
T o
A1-V1,T,19°C,F
A//‘ l \—T—/
Slab configuration N
Specimen  Specific conditions
number

Figure 3-8. Nomenclature system for bituminous orie$ specimens

3.2.4. Air voids

The air voids content for each specimen used srégearch was calculated according to
Eq. 2-1.MVA s classically obtained by dividing the specimegight by the volume of a cyl-
inder with the same dimensions as the specimers piticedure is called geometric in this
thesis and is described in Eq. 3-1, whers the specimen’s height amlis the diameter.
However, concerning the specimens with interfaocetaining or not geogrid, this calculation
should be corrected by the presence of emulsiongandrid. Thus, for specimens only con-
taining interface, the emulsion weight and volumespnted in the interface should be removed
from calculation, as shown in Eq. 3-2. Furtherm&especimens containing both, geogrid and
emulsion in the interface, the weights and voluofemmulsion and geogrid should be removed

from the calculation, as shown in Eq. 3-3.

WSpecimen . 4 - WCylinder

MVA; = Eq. 3-1
! VCylinder m-h-D?
Wspecimen — W, - Eq. 3-2
MVAZ — Specimen Emulsion q
VCylinder - VEmulsion
Wspecimen = Wemuision = Weeogri Eq. 3-3
MVA3 — Specimen Emulsion Geogrid q

VCylinder - VEmulsion - VGeogrid
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Figure 3-9 to Figure 3-12 graphically presentsatmesoids content obtained in speci-
mens from configuration A slabs. For this configima, the fabrication of a fourth slab was
necessary since some specimens were lost duridgetiiening of the experimental campaign
due to test calibrations and adjustments. Tablg88ents all air voids contents obtained for

configuration A, as well as averages and standavéhtions.

Slab Al
10
87 I e ——— mmm 1. Geometric
g © 1 Average
z 47
2 .
0
A N MO T IO O~ 00 O 1 d N M <
Zz2222=2222ssTITT T3
o d 4 d d A A d 49 7 7 A A d
<<<<<<<<<&'2<<<<
Specimen
Figure 3-9. Air voids of the specimens cored frow slab Al
10 Slab A2
~~ 8 T -—- —_—————-——_—__—_—m_m—--= .
L 6 - = 1.Geometric
z 4 I I I I — — Average
2 4
O - T T T T T T
A2-B1 A2-B2 A2-B3 A2-H1 A2-H2 A2-H3 A2-V1
Specimen
Figure 3-10. Air voids of the specimens cored frtbia slab A2
10 Slab A3
< 87
S 6 1 mmm 1.Geometric
> 4
< 5 - = Average
O .
DL F LR LIS
Y*Y*Y*Y*Y*Y*Y*Y*Y*Q’Q’Yb'
Specimen

Figure 3-11. Air voids of the specimens cored frtbia slab A3
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10 Slab A4
< 8 i “ T
S 6 === 1.Geometric
Z ‘21 — — Average
0
N Y G ™ o) o A 4\ 4’\»
A S A S A A R

Specimen

Figure 3-12. Air voids of the specimens cored frtbm slab A4

Table 3-3. Air voids contents, averages and stahdaviations of specimens from configura-

tion A slabs
Specimen| Air Voids | Specimen | Air Voids | Specimen | Air Voids Specimen | Air Voids
(slab A1) (%) (slab A2) (%) (slab A3) (%) (slab A4) (%)
Al-V1 8.9 A2-Bl 8.6 A3-H1 7.6 A4-H1 8.3
Al-V2 8.5 A2-B2 6.3 A3-H2 6.6 A4-H2 8.8
Al-V3 7.9 A2-B3 7.8 A3-H3 7.0 A4-H3 9.2
Al-V4 7.4 A2-H1 6.8 A3-H4 7.1 Al-H4 6.9
Al-V5 8.6 A2-H2 5.1 A3-H5 6.3 A4-H5 9.2
Al-V6 7.7 A2-H3 6.8 A3-H6 5.9 A4-H6 8.4
Al-V7 6.6 A2-V1 7.3 A3-H7 5.4 A4-H7 8.4
Al-V8 6.8 A3-H8 5.9 A4-V1 8.7
Al-V9 7.5 A3-H9 7.0 A4-V2 8.7
A1-V10 5.7 A3-H10 6.1
Al-V1l 6.3 A3-H11 6.4
Al-H1 6.6 A3-H12 8.6
Al-H2 5.6
Al-H3 6.2
Al-H4 6.0
Average 7.1 Average 7.0 Average 6.6 Average 8.5
Standard Standard Standard Standard
Deviation 1.1 Deviation 1.1 Deviation 0.9 Deviation 0.7

Figure 3-13 to Figure 3-15 graphically presentsdineoids content obtained in the spec-
imens from configuration B slabs. In this case, tifferent calculations are presented since
the emulsion contained in interface should be resddvom theMVA calculation. Thus, the
actual air voids content is the one obtained froeMVA: (Eq. 3-2). Table 3-4 presents all air
voids values obtained in specimens from configara® slabs, as well as the averages and
standard deviations.
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Slab B1
10 mm 1.Geometric
8
S 6 2. \Without
~ emulsion
5: 4 - = Avg Geom
2
0 - = Avg Wo
B1-B1 B1-B2 B1-B3 Bl1-H1 B1-H2 B1-H3 Emulsion
Specimen

Figure 3-13. Air voids of the specimens cored fribia slab B1

Slab B2

mmm 1.Geometric

mmm 2. \Without
emulsion
= = Avg Geom

A N M T IO O 00O O A AN MO < - AN O < - e i
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SEEsEEEEE dggdgaad
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Specimen

Figure 3-14. Air voids of the specimens cored fribia slab B2

Slab B3 .
10 mm 1. Geometric
. 8
e\o/ 6 2. \Without
5: 4 emulsion
2 = = Avg Geom
0

RN A R SR~ <P~ SRR SR AN — = Avg Wo Emulsion
REMEIC A AR M. M AP A< @,,;2‘
Specimen

Figure 3-15. Air voids of the specimens cored fritva slab B3
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Table 3-4. Air voids contents, averages and stahdaviations of specimens from configura-

tion B slabs
Air Voids (%) Air Voids (%) Air Voids (%)
Specimen Specimen Specimen
(Slab B1)| 1- Geo- 2. Wo (Slab B2)| 1- Geo-| 2.Wo (Slab B3) | 1- Geo-| 2.Wo
metric | Emulsion metric | Emulsion metric | Emulsion
B1-B1 6.8 6.5 B2-V1 6.9 6.8 B3-H1 8.2 8.1
B1-B2 5.6 5.4 B2-V2 6.4 6.3 B3-H2 7.9 7.8
B1-B3 6.7 6.5 B2-V3 7.2 7.0 B3-H3 7.0 6.8
B1-H1 7.1 7.0 B2-V4 7.7 7.6 B3-H4 8.4 8.3
B1-H2 6.2 6.1 B2-V5 7.4 7.3 B3-H5 7.7 7.6
B1-H3 7.9 7.8 B2-V6 7.2 7.0 B3-H6 5.9 5.8
B2-V7 7.5 7.4 B3-H7 6.8 6.7
B2-V8 6.6 6.5 B3-H8 7.4 7.3
B2-V9 6.7 6.5 B3-H11 7.0 6.9
B2-V10 6.6 6.5
B2-V11 7.7 7.6
B2-V12 6.9 6.7
B2-V13 7.1 6.9
B2-V14 7.3 7.1
B2-H1 7.9 7.6
B2-H2 6.9 6.6
B2-H3 7.7 7.5
B2-H4 9.7 9.4
Average 6.7 6.6 Average 7.3 7.1 Average 7.4 7.3
Standard Standard Standard
Deviation 0.8 0.8 Deviation 0.7 0.7 Deviation 0.8 0.8

Concerning the reinforced slab configurations,ttiree aforementioned corrections were
performed on air voids calculation. For those specis, the third calculation represents actual
the air voids content, considered in the develogroéthis work. Figure 3-16 to Figure 3-20
presents the air voids content obtained for coméigon C, more detailed in Table 3-5. Figure
3-21 to Figure 3-23 presents the air voids contétdined for configuration D, more detailed
in Table 3-6 . Figure 3-24 to Figure 3-26 presémesair voids content obtained for configura-

tion E, more detailed in Table 3-7.
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10 Slab C1 mmmm 1. Geometric
81 2. Without emulsion
S 61 === 3.Without emulsion
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\,4\ \,4“) \,Ab‘ \,&o 4\’\ 4\’% 4\;5 4\’& — = Avg Wo Emulsion
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Figure 3-16. Air voids of the specimens cored fribia slab C1
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Figure 3-17. Air voids of the specimens cored frtibia slab C2
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= = Avg W0 Emulsion
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Specimen and GC

Figure 3-18. Air voids of the specimens cored fritva slab C3
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Figure 3-19. Air Voids of the specimens cored fritva slab C4

Slab CE mmm 1.Geometric

=Y
o

mmm 2. \Vithout emulsion

== 3.Without emulsion

and geogrid
- = Avg %eogm

Av (%)
ON PO

= = Avg Wo Emulsion
O Q9 AD‘ 4‘) 4‘0 4’\ 400 40) Q\Q ‘2”\ QQ/ *éb Q‘b‘ .
’ ’ ’ ’ ’ ¢ v v, v, v, ., . ’ — —AV WO Emulslon
FFFIFIFIFII I I I ond GO
Specimen

Figure 3-20. Air voids of the specimens cored friin slab CE (fabricated with

2x240g/m? of residual binder emulsion within theerface)
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Table 3-5. Air voids contents, averages and stahdaviations of specimens from configuration C slab

Air Voids (%) Air Voids (%) Air Voids (%) Air Voids (%) Air Voids (%)
Specimen 2Wo| 3.Wo |Specimen 2Wol| 3.Wo |Specimen 2 Wo 3.Wo Specimen 2Wo| 3.Wo |Specimen 2Wo ! 3.Wo
(Slab C1) l.Ge.o- Emul- | Emulsion | (S1ab C2) l.Ge.o- Emul- | Emulsion | (S1ab C3) 1.Ge.0- Emul- me_ (Slab C4) l.Ge.o- Emul- | Emulsion | (Sab CE) l.Ge.o- Emul- | Emulsion
metre sion | and GG metric sion | and GG metrie sion smg;nd metrie sion | and GG metric sion | and GG
C1l-v1i 9.6 9.3 9.3 C2-VL1l 8.6 8.3 8.4 C3-BlL 6,8 62 6.2 C4-H1 7.4 7.2 7.2 CE-V1 8.1 7.9 8.0
C1-v3 8.6 8.3 8.3 C2-VL2 8.4 8.0 8.1 C3-B2 4)8 441 4.1 C4-H2 6.1 5.8 5.8 CE-V2 7.7 7.5 7.6
C1l-v4 8.7 8.4 8.4 C2-v1i 7.4 7.1 7.1 C3-BB 5|3 46 .7 4| C4-H3 5.8 5.5 5.6 CE-V3 7.0 6.8 6.9
C1-V6 8.6 8.3 8.3 C2-V2 8.3 8.0 8.0 C3-H[L 8|7 84 58| C4-H4 6.0 5.7 5.8 CE-V4 7.4 7.2 7.3
Cl-VvL1 | 7.9 7.6 7.6 C2-v3 7.5 7.2 7.2 C3-H2 75 72 7.2 C4-H5 6.8 6.5 6.5 CE-V5 9.3 9.2 9.2
C1l-vL2 | 9.0 8.7 8.8 C2-vV4 8.7 8.4 8.4 C3-HB 8.3 80 8.1 C4-H6 6.3 6.0 6.0 CE-V6 6.4 6.8 6.3
C1l-VL3 | 8.6 8.2 8.3 C2-V5 7.7 7.4 7.4 C4-H7 6.3 6.0 6.0 CE-V7 6.9 6.7 6.7
Cl-vL4 | 8.8 8.5 8.5 C2-V6 7.0 6.6 6.7 C4-H8 7.0 6.7 6.7 CE-V8 8.4 8.2 8.3
c2-v7 7.3 6.9 7.0 C4-H9 8.4 8.1 8.2 CE-V9 8.2 8.( 8.1
C2-H1 8.8 7.7 7.8 C4-H10 | 6.5 6.2 6.2 CE-V1( 8.1 7.9 8.0
C2-H2 7.9 7.2 7.2 CE-H1 8.0 7.6 7.7
C2-H3 7.9 7.2 7.3 CE-H2 7.9 7.4 7.5
C2-H4 9.2 8.5 8.6 CE-H3 9.0 8.6 8.7
CE-H4 8.0 7.5 7.6
Average | 8.7 8.4 8.4 | Average| 8.0 7.6 7.6 | Average| 6.9 6.4 6.5 | Average | 6.7 6.4 6.4 | Average| 7.9 7.6 7.7
Standard Standard Standard Standard Standard
Deviation| 0.5 0.5 0.5 |Deviation| 0.7 0.6 0.6 |Deviation| 1.6 18 1.8 |Deviation| 0.8 0.8 0.8 |Deviation| 0.8 0.8 0.8
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Figure 3-21. Air voids of the specimens cored ftbm slab D1
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Figure 3-22. Air voids of the specimens cored fitbim slab D2
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Figure 3-23. Air voids of the specimens cored frtbmm slab D3
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Table 3-6. Air voids contents, averages and stahdaviations of specimens from con-

figuration D slabs

Speci- Air Voids (%) Air Voids (%) Speci- Air Voids (%)
men | 1. [2.wo| >WO |Specimen 1. |2.wo| 3WO | men | 1 |2.wo| WO
(Slab | Geo- | Emul- EsTour:- (Slab D2)| Geo- | Emul- Esr?our:- (Slab | Geo- | Emul- EsTour:-
D1) | metric| sion and GG metric | sion | "o D3) | metric | sion and GG
D1-B1 4.9 4.3 4.3 D2-V1 6.3 6.0 6.0 D3-H1 8.5 75 57
D1-B2 6.7 6.1 6.1 D2-V2 6.3 6.0 6.0 D3-H2 8.0 783 37
D1-B3 4.9 4.3 4.3 D2-V3 7.2 6.9 6.9 D3-H3 8.8 81 .18
D1-H1 9.0 8.7 8.7 D2-V4 6.7 6.4 6.4 D3-H4 9.4 8 .78
D1-H2 8.1 7.8 7.8 D2-V5 6.1 5.7 5.7 D3-H5 9.Y 90 .19
D1-H3 7.5 7.2 7.3 D2-V6 6.6 6.3 6.3 D3-H6 8.9 8p .28
D2-V7 6.4 6.1 6.1 D3-H7 8.1 7.3 7.4
D2-V8 7.2 6.9 6.9 D3-H8 8.8 8.0 8.1
D2-V9 7.0 6.7 6.7 D3-H9 9.2 8.5 8.5
D2-V10 7.7 7.4 7.4 D3-H10 7.7 6.9 7.0
D2-H3 8.3 7.2 7.2 D3-H11 7.8 7.1 7.1
D2-H4 7.5 6.8 6.8 D3-H12 8.1 7.4 7.4
D2-H5 8.9 8.2 8.2
D2-H6 7.7 6.9 7.0
Average| 6.9 6.4 6.4 | Average | 7.1 6.7 6.7 |Average| 8.6 7.8 7.9
Stand- Stand-
ard De- Standard ard De-
viation 1.7 1.9 1.9 | Deviation| 0.8 0.6 0.7 | viation 0.7 0.7 0.7
10 Slab E1 mm 1.Geometric
8 mmmm 2. Without emulsion
8\0, 6 = 3.Without emulsion
z 4 and geogrid
5 = = Avg Geom
0 = = Ayg Wo Emulsion

E1-B1 E1-B2 E1-B3 E1-H1 E1-H2 E1-H3 _
. = == Avg Wo Emulsion
Specimen and GG

Figure 3-24. Air voids of the specimens cored frtbmm slab E1
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Figure 3-25. Air voids of the specimens cored frtbim slab E2
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Figure 3-26. Air voids of the specimens cored fitbim slab E3

Table 3-7. Air voids contents, averages and stahdaviations of specimens from con-

figuration E slabs

Speci- Air Voids (%) Air Voids (%) Air Voids (%)
El) metric sion Sion metric sion Sion metric sion Sion
and GG and GG and GG
E1-B1 4.4 3.7 3.7 E2-V1 5.8 55 55 E3-H1 9.0 719 .0 8
E1-B2 4.5 3.9 3.9 E2-V2 6.4 6.1 6.2 E3-H2 7.0 6|8 .86
E1-B3 5.3 4.7 4.7 E2-V3 7.1 6.7 6.8 E3-H3 7.9 6|9 .96
E1-H1 6.4 6.1 6.2 E2-V4 7.0 6.7 6.7 E3-H4 9.2 82 .28
E1-H2 6.7 6.4 6.4 E2-V5 7.0 6.7 6.8 E3-H5 7.9 6|8 .96
E1-H3 7.7 7.4 7.4 E2-V6 6.1 5.8 5.8 E3-H6 7.7 6|6 .76
E2-V7 6.1 5.7 5.8 E3-H7 7.4 6.3 6.3
E2-V8 7.5 7.2 7.3 E3-H8 8.7 7.6 7.7
E2-V9 7.0 6.7 6.7 E3-H9 8.0 6.9 6.9
E2-V10 5.9 55 5.6 E3-H10 8.1 7.4 7.4
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E2-H1 6.5 5.4 5.4 E3-H11 8.0 7.2 7.3
E2-H2 6.5 5.7 5.8
E2-H3 8.4 7.7 7.8
E2-H4 7.2 6.4 6.5
Average| 5.8 54 5.4 |Average 6.7 6.3 6.3 |Average 8.2 7.2 7.2
Stan-
dard
Devia- Standard Standard
tion 1.3 1.5 1.5 |Deviation| 0.7 0.7 0.7 |Deviation| 0.6 0.6 0.6

3.3. Experimental campaign overview

Four different tests were carried out during trostdral thesis. The first one was the so-
called complex modulus test. It measures the naigehavior when subjected to small loading
amplitudes, performed in cylindrical specimens. this type of test, two specimens for each
coring directions are necessary. All the detailsceoning the complex modulus tests will be
discussed in the Chapter 4. The second tests ieti@on test. It measures the material re-
sistance to tension loading, also performed imdylcal specimens. The tests are conducted at
three temperatures (0, 19 and 40°C) and two stas@s of loading (slow (around 0.002%/min)
and fast (2%/min)) resulting in 4 combination daftieg parameters, as represented in Figure
3-27. For this type of test, two specimens for gaamtameter combination and for each coring
direction are necessary, resulting in 16 specini@nsach slab configuration (A, B, C, D, and
E). Moreover, to evaluate the influence of specimsige effect, four more specimens of con-
figuration C having 136mm of diameter (specimermetyL) are necessary. Tension test at 0
and 19°C and at 2%/min of strain loading rate wesdormed on those specimens. All the
details concerning the tension tests will be disedsn Chapter 5. The third one is the fatigue
test. It measures the material resistance to thekierg induced by cyclic repetitive loading.
The tests were performed at 10Hz, 10°C and coattdtrain in four amplitudes: 80, 90, 100
and 11@m/m. The test were performed only in specimens ty@and repeated twice for each
amplitude. Thus a total of 8 specimens for this ve=re necessary. Chapter 6 presents the fa-
tigue campaign in full details. Finally, the fousipts bending test measures the specimen re-
sistance to crack propagation. To perform this &prismatic bars in beam shape were neces-
sary for each slab configuration. Chapter 7 disesifise crack propagation tests in full details.
For each slab configuration, Table 3-8 summariesrumber of each type of specimens nec-

essary for conducting the experimental campaign.
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Figure 3-27. Testing parameters combination scfemension test (temperature and
strain loading rate)

Table 3-8. Number of specimens necessity in funabioeach test on experimental cam-

paign for each slab configuration

Test Vertically cored | Horizontally cored | Beam
Complex Modulus 2 2 0
Tension 8 (or 12%) 8 0
Fatigue 0 8 0
Four Points Bending 0 0 3
Total 10 18 3

*For configuration C, 4 more vertically eor specimens are necessary (VL type)
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4.1. Introduction

The purpose of this chapter is to present the @xeatal campaign conducted to charac-
terize the specimens, from different configuratjcaitsa small strain domain using cyclic ten-
sion-compression tests. Those tests are calledlesmmodulus test and its procedure is fully
described. Moreover, the hydraulic machine usguktiorm test, the transducers used to meas-
ure the physical variations, temperature, and fdwgéng the test are detailed.

Nowadays, many types of software are used for thii-hayer calculation in new pave-
ment design, e.g. MEPD-G (United States of Amerara) Alizé (France). The geogrid rein-
forcement can be included as an equivalent layes jifroperties (e.g. stiffness, Poison’s Ratio),
as well as thickness, are known. Thus, it is necgds characterize the interface mechanical
properties in laboratory. In this chapter, a newthodology for the determination of the linear
viscoelastic (LVE) behavior of interface reinforoedh geogrids is presented. This methodol-
ogy was published in Freire et al. (2018).

The analysis of a complex modulus test result p@csnens containing or not interface is
first presented as an example. The Time-Temper&uperposition Principle validation and
the 2S2P1D model used to modelling the LVE behawi@pecimens and interfaces are pre-
sented for these examples. Finally, the fibergtgsggrid influence on the behavior of speci-

mens and interfaces at small strain domain is aedly

4.2. Objectives

For the investigation conducted in this chaptemeobjectives can be drawn:

To propose a new analysis methodology for the detation of the linear viscoe-

lastic (LVE) behavior of interface reinforced wigleogrids using laboratory ther-

momechanical tests.

* To validate the results obtained using the newyaisimethodology with the re-
sults obtained from the specimen without interfacd/or geogrid

* To verify if the interface presents a LVE behavior

* To evaluate the effect of the presence and tygeodrid in the interface behavior
as well as the type of emulsion

» To evaluate the level of geogrid mobilization iresjpnens type H when subjected

small strain amplitude loading
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4.3. Experimental devices and procedures

4.3.1. Hydraulic press and instrumentation

Complex modulus tests were performed by a hydrapliess (INSTROR) at
LGCB/LTDS laboratory of the ENTPE at Vaulx-en-Velkrance. This press is equipped with
a Dynacelf load cell having a maximum force capacity of +25&Nthe actuator, with a pre-
cision of25N. The axial stresssf during the tests was calculated from the measiareg )

and the specimens’ diamet&)(according to Eq. 4-1.

g Eq. 4-1
- (D/2)?
The actuator presents a displacement range of +52nthermal chamber type B.I.A.
Climatic® MTH6-74 was used for temperature control during the téhe. tests performed
within this thermal chamber can be set up fre8°C to 150°C with £0.3°C stability. Figure

4-1 presents the mentioned hydraulic press andhlezthamber coupled to it.

carry out the experimental campaign

The axial deformations] measurements are done by four extensometersjmecwith
25mm lengthl¢) disposed 180° from one another, and another eowjth 90mm lengthlf)

disposed 180° from one another (c.f. Figure 4-@)hlhixed in the middle height of specimens.
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The axial strain measured by each type of extensonie= 1, 2 and = 1, 2) is obtained ac-
cording to Eqg. 4-2.

_ Ali_j Eq 4-2
i) T AL

The strain amplitude commanded during the testlisutated by the average of the two
smaller extensometers. The goal of using two difiecouples of extensometers is to obtain
the interface behavior of the specimens type Vcivlwill be subject to discussion in section
4.4. Moreover, this same instrumentation configaratvas used for all other specimen’s type,
except for the specimens in the A configuratiom,doth VV and H type. For those specimens,
the test followed the classical instrumentatiorhwitree extensometers of 72.5mm length and
two non-contact transducers, as performed in rewerits from LTDS/ENTPE team (Mangi-
afico 2014, Cardona Ramirez 2016, Phan et al. 284d ,Pedraza 2018). The temperature is
measured by a thermal gauge (PT100 temperaturepfieled on the specimen surface. The
probe precision is 0.1°C.

Two radial strains were obtained with the aid afrfoon-contact transducers. Two trans-
ducers disposed 180° from one another for eaclalrdotection were used as shown in Figure
4-2. The non-contact transducers’ head coil geasratmagnetic field inducing currents in an
aluminum target previously bonded on the surfacthefspecimen. The interaction between
the magnetic field generated by the transducertlamdnagnetic field generated by the alumi-
num as a resistance to the current depends onstaack between them. From this principle,
the electrical current can be transformed in dstaretween the transducers’ head and the alu-
minum target, and this distance could be measwgdglthe test. The non-contact transducers
used during this work were from Microepsifoand Lion Precisidh These devices presented
a measure range of +50@ with a resolution of 0.Q6n. Thus, radial strain in direction Il
(erm) was obtained according to Eq. 4-3 and the ratiialn in the direction | (obtained for type
V specimens) or Il (obtained for type H specimema$ obtained according to Eq. 4-4. More

details about the radial strain will be discussethe section 4.3.2.

AlTl + AITZ Eq 4-3
Erinr = — D
Als + Al Eq. 4-4
Erorin = T
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To prepare the specimen for testing, two metalijgsovere bonded with epoxy glue Hunts-
marf Araldite® 2000 Plus at the top and the bottom of the spetimAebench, same as de-
scribed in Cardona Ramirez (2016), was used tothelgentralization of the specimen in the
first cap gluing. A weight of 2kg was used to appigssure during gluing. At least four hours
wait was necessary because, after this periodjltizeacquired enough hardening before gluing
the second cap. The second cap was glued dirediheihydraulic press followed by the place-
ment of the transducers as shown in Figure 4-Z pracedure was performed at least 12 hours

prior to the test for the epoxy glue to hardenpbekubjecting the specimen to any load.

Surface
Temperature

Probe —
Extensometers / & \
length /,=90mm) 3

7 *Extensometers

ength/ ,=25mm)\

Non-contact
transducer

Geogrid

V]
7
7
7
7
7
Vi
7
7
7
é
%
,
I

. § Specimen

SRR

Figure 4-2. Picture and scheme presenting the m@ec{reinforced type V) set up and in-

strumentation in the hydraulic press for testing

4.3.2. Complex modulus test protocol

The complex modulus tests were carried out in silnlas tension-compression loading at
strain-controlled with amplitudeed) of 50um/m. According to previous works from
LTDS/ENTPE, at this stain level, it is assumed that material presents LVE behavior. The
test was conducted at nine different temperatumes 62 to -25°C and eight frequencies from
0.003 to 10Hz. However, not all frequencies werdgpmed for each temperature. At high
temperatures (52 and 45°C), frequencies from 0t6QBHz were used. At low temperatures
(25 to -25°C), frequencies from 0.03 to 10Hz wesedus At 35°C, all eight frequencies. These
combinations between temperatures and frequen@ss etosen by experience from previous
works from LTDS/ENTPE to avoid unnecessary poiatbuild a master curve, optimizing the
test. Figure 4-3 presents temperatures and fregegedaring the complex modulus test, as well
as the number of cycles performed for each frequenc
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Figure 4-3. Complex modulus testing protocol: é@peratures, and (b) frequencies for
the different temperatures and time for temperatorelitioning

For each temperature, a period of temperature tonolig was respected to have a homo-
geneous temperature in the specimen. During tmditoning, the press was controlled by the
force measured in the actuator, and a small corsiore®f 10N was applied. This value was
used to avoid a premature failure in the interfdoespecimens type V, during temperature
variation. It is caused by a lack of precisionhe press force controlling during temperatures
variation. At high temperatures, a low-tension galas enough to cause failure in the interface
of those specimens. The temperature of 15°C wasateg at the beginning and at the end of
the test, to verify the specimen condition conaggrdamage. In the three stages of 15°C, the
complex modulus should not present considerabliati@m, which would happen if the speci-
mens suffered damage during the test. The valuesepted in this thesis correspond to the
average obtained for all the complete cycles ohdaading at the correct strain amplitude.

Moreover, the two first loading cycles were noteiaknto account in the average calculation
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since they were affected by the period of loaditabifization (steady-state), and transitory
effects also alter the results in these cycles {&alyal. 2016).

Due to the fact that there are two specimens catdirgctions (type V or H) the radial
measurements direction should be correctly defi@mhcerning the testing in type V speci-
mens (c.f. Figure 4-4(a)), the loading is in thetieal direction (II) and the radial measurement
are in the direction Illeqn) and | én). During the test, the pair of non-contact trarcsau and
2 measuresqi, following Eg. 4-3, and the pair of non-contaeinsducer 3 and 4 measusges
following Eq. 4-4. Concerning the testing in typesptcimens (c.f. Figure 4-4(b)), the loading
is in roller compaction direction (I) and the rdd@easurements are in the direction Hlu()
and Il ¢a). Similarly, the pair of non-contact transducearid 2 measuresii, following Eq.

4-3, and the pair of non-contact transducer 3 amdsures, following Eq. 4-4.

11 (Vertical) 11 1 I(Roller direction) ! IT (Vertical) !
* 4 , H A ! 4 E
oI (Roller i > I (Roller | ! .‘ » 11 (Vertical) o—III :

m” direction) direction) | ! m ;

Loading (dir. II) Non-Contact-1 E Loading (dir. I) Non-Contact-3

Figure 4-4. Scheme showing the radial measuremsgarding the two specimen coring

directions (a) type V and (b) type H

From Figure 4-4(a), the strain tensor can be ddfaxording to Eq. 4-5, respecting the
directions in specimen type V. The loading in tiyjge of test is in direction Il, thus, the stress
tensor is written according to Eq. 4-6, where th@ponents with respect to directions | and 11l
are equal to zero. Thus, only three elements frivainstensor are non-null, as shown in Eq.
4-7, which ares,, €111, €qx, directly obtained from the transducers measurésngmeviously

discussed.
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* *
/ 1 Vi Vi \
* * *
| E; Ep Ep |
Vi 1 Vi
E; Ey En |
*
Vi Vi 1 /
* * *
E; Ey En
0
* *
o =|o Eq. 4-6
0
*
Vi .
- E 0 = STI
1
* 1 *
&= A - 0" = &4y Eq. 4-7
11
E3
Vi .
TR 0 =&
11

Therefore, the Poisson’s ratios in the two dirediavere calculated using test measure-
ments. Eq. 4-8 presents the calculatiow,gf*, or simply called/;*, which is the Poisson’s
ratio in the direction I. In addition, Eq. 4-9 peess the calculation of;;; ;,;*, or simply called

vy~ which is the Poisson’s ratio in the direction lll.

€
vt = —SL’ Eq. 4-8
ax
« _ Erin Eqg. 4-9
Vin = — a
ax

Similarly, from Figure 4-4(b), the strain tensor fpecimens type H is written according
to Eq. 4-10. In this case, the loading is in diati, and the stress tensor is written according
to Eq. 4-11. Thus, only three elements from sttamsor are non-null, as shown in Eq. 4-12,
which ares,;;, &1, €4- Finally, Eq. 4-13 presents the calculationvef*, or simply called
v;;*, which is the Poisson’s ratio in the directionihladdition, Eq. 4-14 presents the calculation

of v;;; 1%, or simply calledv;;;* which is the Poisson’s ratio in the direction Ill.
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/ i _VIII* _VIIII*\
| E~ E, En” |
Vit 1 v *
= 2L S A Eq. 4-10
E, Ey Epp |
_V1111* Vi 1 /
E/ E;” Enr®
O_*
agt=10 Eq. 4-11
0
1 *
EI* o gax
v *
g£=|- gi "0 =&y Eq. 4-12
I
Vi N
- E g Erinn
£
Vi = — Eq. 4-13
Sax
£
Vi = - - Eq. 4-14
Sax

Concerning specimens type H, the axial strajp)(is simply obtained from the average
of four extensometers. However, concerning theigpats type V, the measurements obtained
from the extensometers are resulted from the stn@asured in the bituminous mixtures com-

bined with the strain measured in the interface néxt section will discuss this issue in detail.

4.4. New method to characterize interface behav-

10T

Two approaches were used to characterize the itwmimixture and the interface of a
specimen type V during complex modulus test. Trat fine is a bulk approach that uses the

continuum mechanics hypothesis. The second onenassthat the interface is infinitely thin.

4.4.1. Bulk approach using continuum mechanics hypothesis

The first interface analysis proposed in this weds done by considering the geogrid and

the emulsion used to glue the geogrid in the speias an equivalent layer with a thickness
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(t) as shown in Figure 4-5. In this case, each gaextensometer allows obtaining the sum of
interface displacement with the bituminous mixtdigplacement caught by the extensometer

range. Thus, Eg. 4-15 could be written.

© ,

th (@ Bituminous Mixture (Ej)
ik
® th . (@Geogrid and Emulsion (EZ)

Figure 4-5. Continuous Mechanics interface caloutalypothesis scheme

Al = At* + 2AR;  i=1,2 Eq. 4-15

WhereAl; is the displacement {" indicates complex notation) measured by the exten
someteti during the testAt™ is the interface displacement atki is the mixture displacement
caught by the extensometerange. Eq. 4-15 can be rewritten as function efcbmplex mod-
ulus from each componerfi; = modulus measured by extensoméief; = interface com-

plex modulusg; = mixture complex modulus (Eq. 4-16).

9l _ oGt N oa2h; Eq. 4-16

B ES )

Also, the stress is the same in all pastsS€ o; = o) and, thus, can be removed from the
EqQ. 4-16. From Fig. 3 it is possible to notice thlat = [; — t, resulting in Eq. 4-17. Using both
equation fon = 1 andi = 2, it is possible to obtain the bituminous mmeteomplex modulus
(E}) as function of the complex modulus measured byetttensometets andlz (Eq. 4-18). It
should be noticed thd&t andE; are obtained respectively from an averaged meamsuneof
two couples of extensometers.

t 1, -t
Ec E; E

Eq. 4-17

£ = (I2—l41)E1E3 Eqg. 4-18
AT L, El-1 B}
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Once the bituminous mixture complex modulBE}) (s obtained, it can be used to calculate
the interface complex moduluBy). From Eq. (3)E; can be isolated in the equation, resulting
in EQ. 4-19, which returns thg, for any chosen thicknesses values “t”.

xepy — _ UEiEa Eq. 4-19
Ee() = LEy—(Li—t)E]

4.4.2. Infinitely thin interface

The second interface analysis approach is perfolmexssuming interface as a thin film.
In this case, behavior could be represented bgtarface stiffnessk() linking ¢” and vertical
displacement observed between the interfaces dinthdituminous mixtures layers. The in-
terface stiffnessK;) can be obtained by assuming the thickness equa¢ro in Eq. 4-17,
resulting in Eq. 4-20.

KG* — E _ Ey Eq 4-20

The great advantage of using this approach is\te ha interface stiffness parameter that

is non-dependent to its thickness.

4.5. Tested Specimens

To conduct the investigation in this chapter, theceanens were divided into two groups
regarding the geogrid position resulted from slabng. The first group is the H specimens,
cored in the same compaction direction. In thiecH® interface in the specimens containing
it, are in specimens longitudinal direction, whishthe same loading direction (c.f. section
3.2.3). The second group is composed of V specinwemed perpendicularly in relation to the
compaction direction. The interface in those specdsmare perpendicular in relation to the load-
ing direction (c.f. section 3.2.3). Table 4-1 prasall the tested specimens with interface com-
position and tack coat rate, air voids calculatadlie bituminous mixture, and the instrumen-

tation used for axial and radial measurements duha test.
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Table 4-1. Tested specimens’ composition, air vars instrumentation information

_ Interface S _ Radial
Speci- Air voids in | Axial meas-
Tack coat . measure-
men Composition mix (%) urements
rate ments
Al1-H3 6.2
3 (72.5mm)
Al-H4 _ _ 6.0 o
Not applicable| Not applicable extensome-| 1 direction
Al-V2 8.5
ters
Al-V5 8.6
B1-H1 7.0 2 (25mm)
B1-H2 Emulsion Bi- 6.1 and 2 o
292g/m?2 2 directions
B2-V1 | tumen 160/22( 6.8 (90mm) ex-
B2-V2 6.3 tensometers
3 (72.5mm)
CE-H4 7.6 extensome-| 1 direction
2x240g/m? ters
Emulsion bitu-
CE-V9 8.1
men 160/220
CE-V10 8.0
and GG
C2-H1 7.8
100kN
C2-H3 7.3
2 directions
C1-v6 8.3
Cc2-v1 7.1 2 (25mm)
D1-H1 8.7 and 2
Emulsion bitu-
D1-H3 7.3 (90mm) ex-
men 160/220| 2x400g/m?2
D2-V1 6.0 tensometers
and GG 50kN 1 direction
D2-V3 6.9
E1-H1 | Emulsion bitu- 6.2 L
2 directions
E1-H2 men 160/220 6.4
E2-V4 with SBS and 6.8
1 direction
E2-V5 GG 100kN 6.7

GG 100kN: Geogrid Notex Gld8< 100/100-25; and GG 50kN: Geogrid Notex Gta€s
50/50-25
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4.6. Bituminous mixtures and interfaces results

and modeling

4.6.1. Example of result and modeling for specimens without interface:

A1-H3

The measured temperatures during the tests atdlgldjfferent from the targeted ones.

For the ensemble of tests, the maximum temperaturation measured on the specimens was

+1.5°C. The isotherm curves present the complexutlusddata for each temperature obtained

during each frequency sweep, for specimen Al-H8ure 4-6 shows the norm of complex
modulus [E*|), phase anglep}, Poisson’s ratio|(*|), and phase angle of Poisson’s ra#ig,(

respectively. These results are the most intuitiveres obtained from the complex modulus

test.
1.E+05
Al-H3

1.E+04 - —0—-25.0 °Q
. —o—-14.9 °C
< —0—-5.4°C
Q 1.E+03 ——45°C
= ——14.8°C
= 1 —0—24.2°C
Ql'EJrOZ —0—34.1°C

——43.8°C
1.E+01 A ——53.3°C
1.E+00 T T
1.E-03 1.E-01 1.E+01 1.E+0:
Frequency (Hz)
(@)
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.45
0 Al-H3
1 —0—-25.0 °C
0.40 ——-14.9°C
——-5.4°C
_0.35 ——45°C
N —0—14.8°C
0.30 4 —0—24.2°C
—0—34.1°C
——43.8°C
0.25 4 ——53.3°C
0.20 T .
1.E-03 1.E-01 1.E+01 1.E+0:
Frequency (Hz)
(©)

10 )
A1-H3 —0—-25.0°C
—o—-14.9 °d
5 —0—-5.4°C
——4.5°C
—o—14.8°C
S 0 —0—24.2°C
< —0—34.1°C
=2 ——43.8°C
——53.3°C
-5 4
-10 T T
1.E-03 1.E-01 1.E+01 1.E+03
Frequency (Hz)

(d)

Figure 4-6. Results obtained for each tested teatper for A1-H3: (a) Norm of complex

modulus, (b) Phase angle, (c) Norm of Poissonismand (d) Phase angle of Poisson’s ratio

From those figures, it is noticed that the norntofmplex modulus and Poisson’s ratio

increase with the loading frequency increase amgbégature decrease. Thus, at low tempera-

tures and high frequency, the material presengsgmptotic value. In addition, in the opposite

way, at high temperatures and low frequency, theenah also presents an asymptotic value.
To define these values, two plots are helpful: €oide (c.f. Figure 4-7(a)) and Black space
(c.f. Figure 4-7(b)). Cole-Cole plot relates thalqeart ofE* (E1 = E*-cosg¢) with the imaginary
part ofE* (E2 = E*-sing). In these curves, it is possible to observe thgenal behavior at low
temperatures, as shown in Figure 4-7(a) for spactitvieH3. In the other hand, the black space

curve relates the with |E*|, and from these curves, it is possible to obs#reematerial be-

havior at high temperatures, as shown in Figuréj{or specimen A1-H3.

< 3.5E+03 2 ﬁ.gz:g

S 3.0E+03{ $%e, ©.535°C

~ 9 (0) @4.54°C

~— 2.5E+03 - Oo ©14.81°C

2 0E+03 {8 Q 054 66

5 1.5E+0348 o5 a%C

-% 1.0E+03 9

= 5.0E+02§ s

~ 0.0E+00 | -
0.0E+00 2.0E+04 4.0E+0<

Real (E*) (MPa)

(@)

1.E+05
0-24.95°C
1.E+04 '\O 5 ©-14.94°C
< 0 ©-5.35°C
frevcs- ® [H
= ® 024.21°C
El.E+02 . ®® 223'8%0
1 E+01 4 il ©53.33°C
Al1-H3
1. E+OO 1 1 1
0 20 40 60 80

Phase angle)

(b)

Figure 4-7. (a) Cole-Cole plot and (b) Black spabtained for specimen A1-H3
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These curves can be seen like the material fodtpkits LVE behavior (Cardona Ramirez
2016) and can be used to calibrate LVE behavioratsod\nother particularity of those plots
concerns the validation of the Time-TemperatureeBupsition Principle (TTSP) for the mix-
tures. In order to validate the TTSP, those plotaikl present unique curves, which is the case
obtained for A1-H3. The same curves can be platteaterning Poisson’s ratio. Figure 4-8(a)
presents the Cole-Cole plot and Figure 4-8(b) prssiine Black space. The results presented
unique curves for the test conducted until 34.08R€ higher temperatures presented scattered
points, mainly at extreme conditions (high tempemand low frequency). This was related to
the experimental difficulty to obtain these paraanetat extreme conditions, and not with the
material behavior.

0.03 0.45

A1-H3 0®® A1-H3
_0.021 o® 0.40 1 ~Q,0008 o
% 0.01 - e ©° oo i | » 0°° e
g 0-2495°C 0.35 @[0-24.95°G
<’ 0.00 - 8 @-14.94°C __ ° ° @ |@-14.94°d
o @ © |0-5.35°C | %0.30 A ©-5.35°C
g-oot- o [Sits sisc
Sooy  Teeeed® ey 02 S
— i o o i o
-0.03 - 243.8°(°: 0.20 + 043.8°C
-0.04 . —189333C1 15 . . —1093.33°C
0.2 0.3 0.4 0.5 -6 -3 0 3 6
Real ¢*) Phase angle)
@ (b)

Figure 4-8. (a) Cole-Cole plot and (b) Black spatBoisson’s ratio for A1-H3

The TTSP indicates that the effect of LVE behawiariation observed in temperature
variation is equivalent to the LVE behavior vawatiobserved in frequency variation. Thus, the
experimental data points obtained at different terajures can be shifted around a reference
temperature creating a master curveligi (c.f. Figure 4-9(a))¢ (c.f. Figure 4-9(b))|v*| (c.f.
Figure 4-9(c)), ang, (c.f. Figure 4-9(d)). These master curves pregentVE behavior of a
material in a wider range of frequencies, for a#fgereference temperature. Concerning spec-
imen Al-H3, the reference temperature chose wa€,1which was one of the temperatures
from the testing procedure as discussed in sedti®2. Then, a shift factar is chosen for

each tested temperature, and is equal to 1 for,I'®f€ence temperature.
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1.E+05 B
Al1-H3 / '

1 E+04 T _250 oC
< -14.9 °C
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Figure 4-9. Construction of master curves of (aymof complex modulus, (b) phase an-

gle of complex modulus, (c) Poisson’s ratio, andpfuase angle of Poisson’s ratio

Thear values were calibrated in the master curviEdf, and the same values lead to the

creation of all the master curves presented inrEigu9. This result was similar to previous

studies from the LTDS/ENTPE team that validateaug®of the samar values to characterize

the 3-D LVE behavior of bituminous mixtures (Di Beletto et al. 2007, Nguyen et al. 2013,

Cardona Ramirez 2016). Afterward, @wevalues were plotted in function of temperatured an

the WLF equation (Eq. 2-8) was used to fit the dasapresented in Figure 4-10(a) as well as
the coefficientsC: andC,. Quite similar results were obtained for all tesspecimens, which

allowed the maintenance of the same WLF coeffisiea$ can be observed in Figure 4-10(b).

This result was similar to previous studies (Ol&arDi Benedetto 2003, Olard, 2005, Di Bene-
detto et al. 2007, Cardona Ramirez 2016) arguiagathfactor is inherent of the bitumen in-

dependent of the mineral aggregates that compbedsttiminous mixture.
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Figure 4-10. Shift factoraf) values in function of testing temperature and Witting for

complex modulus test of (a) A1-H3 and (b) All speens

In order to model the LVE behavior, the 2S2P1D wsed by calibrating the model coef-
ficients to fit the Cole-Cole and Black plots footh, E* andv*. Figure 4-11 presents the

2S2P1D modeling the experimental data for speciAteri3.
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Figure 4-11. 2S2P1D model calibrated for A1-H3itestesults: (a) Cole-Cole &*, (b)
Black space oE*, (c) Cole-Cole of*, and (d) Black space of

From the Cole-Cole plot, the asymptotic glassy nhasl({Eo) could be obtained and from
the Black plots, the asymptotic static modulag) could be obtained. All the shape parameters
(k, h,0, andp) of the 2S2P1D model were, then, calibrated. Hearehe temperature-depend-
ent parameter and the asymptotic values for Poisson’s ratyca(idvoo) were calibrated using
the master curves. Figure 4-12 presents the mastees modeled using 2S2P1D. The cali-

brated coefficients are presented in Table 4-2.
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Figure 4-12. 2S2P1D model calibrated for A1-H3itestnaster curves: (a) norm of com-
plex modulus, (b) phase angle of complex modult)si¢isson’s ratio, and (d) phase angle of

Poisson’s ratio

Table 4-2. Coefficients of 2S2P1D model calibrateA1-H3 test results (& = 15°C)

Eoo(MPa) | Eo(MPa) k h [ Te(s) | B V00 Vo
25 3.40E+04 0.185| 0.60| 2.35/ 0.27 200 0.44 0.23

4.6.2. Example of result and modeling for specimens containing interface

Concerning the specimens containing interfaces gixammples were presented in this sec-
tion. The first one concerns a specimen type V Ya2-which is also divided in the analysis
of the result obtained for the bituminous mixtunel &he result obtained for the interface, both

obtained from the calculation discussed in secligh The second one concerns a specimen
type H (C2-H3).

4.6.2.1. Specimen type V: C2-V1 (bituminous mixture)

Figure 4-13(a) presents the results obtained ®isffecimen with geogrid reinforcement
in a Cole-Cole graphic, and Figure 4-13(b) prestrdsame results in Black space. The com-
plex modulus obtained with the two different cogptd extensometers were remarkably dis-
tinct. The difference between them is caused byirttesface behavior. For this reason, they
were called “apparent E”, since their measuresaaepresent a physical material property.

From these results, the complex modulus of bitussnmixture was calculated following Eq.
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4-18 and result is also presented in Figure 4-18 thie 2S2P1D model curve calibrated over
the calculated points. Obtained results showediguarcurve in this plot, which is a classical
result for bituminous mixtures, which respect tieSP. Another classical evolution with tem-
perature and frequency is also obtained for theutatled complex modulus;. At higher fre-
quencies and lower temperatures, higher values foered in relation to those obtained at
lower frequencies and higher temperatures. Figutd gresents master curves obtained with
the two different couples of extensometers plottaith the calculated’;, and the 2S2P1D

model curve calibrated over the calculated points.

E+
3.5E+03 E,: mix modulus C2-V1 1.E+05 Apparent  co.v1
E 3.0E+03

1.E404 4

2 2.5E+03 1 -
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S 1.5E+03 5 1.E+02
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Real (E*) (MPa) Phase angle)
(a) (b)

Figure 4-13. Experimental resul&((25mm) andg2 (90mm)) plotted with calculated bi-
tuminous mixture modulugg*) for the specimen C2-V1 in (a) Cole-Cole plan @mdBlack

space
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Figure 4-14. Master curves resuli: (25mm) andg;z (90mm)) plotted with calculated
bituminous mixture modulugq*) for the specimen C2-V1 for (a) norm of complexdulus
and (b) phase angle

Moreover, Figure 4-15 presents the master curvéiseohorm of Poisson’s ratio in direc-
tions Il and I, respectively, for the referencenpeerature of 15°C. The difference observed
between the two radial directions was mainly rel&ethe asymptotic values for Poisson’s ratio
(vo andvog), presenting @voo = 0.30, the same observed fop. Finally, Table 4-3 presents the

calibration coefficient values from 2S2P1D model.
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Figure 4-15. Specimen C2-V1 master curves of ndrRoisson’s ration (i = 15°C) ob-

tained for the radial directions (a) Ill and (b) |
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Table 4-3. Coefficients of 2S2P1D model calibrdtadC2-V1 test results concerning the

mixture Ea*

Eoo(MPa) | Eo(MPa) k h 6 |1e(s)(15°C)| B | vioo | vio |vmoo |viio
60.0 3.20E+04 0.185 0.60 2.35 0.50 2006 | 05| 03] 0.2

4.6.2.1. Specimen type V: C2-V1 (interface)

Regarding the interface behavior, three thickne€k@s 2.5 and 5.0mm) were chosen for
the continuum mechanics calculation representdtind-19 Ec*). In addition, the interface
complex stiffness modulu&§*) was obtained by considering the interface betwherbitu-
minous mixtures layers infinitely fine. In this eaghe interface complex stiffness characteri-
zation was obtained by the Eq. 4-20. Figure 4-1p(@3ents the three complex modulus curves
of the interface layer for the three chosen thiskes plotted with the complex stiffness from
interface infinitely fine in Cole-Cole plan. Figu#el6(b) and (c) present the same four men-
tioned results in Black space and the master coitee norm of complex modulus, respec-
tively. 2S2P1D model was also calibrated to therface results, and the constants are pre-
sented in Table 4-4.

Real (K;*) (MPa/m)

0.E+00 2.E+06 3.E+06 5.E+06 6.E+06
__ 2.0E+03 : : ] 4.0E+05 E
6_6 CZ-VJ'% (;) OOO 09 %o O/ Kg @ E;"t=1mm" E
= 1.5E+03 + 8 . : %o - ¢ Eg'=25mm" | 3.0E+05 =
= J Eg't=5mm 0,0 |® Egt=5mm" g
4P 1.0E+03 - Eg't=2.5mm" o ol © K¢ - 2.0E+05 {p
S 5 =
c 5.0E+02 - — | 1.OE+05
) @ Lines: c
@ 2S2P1D >
£ 0.0E+00 & i ! : 0.0E+00 &

0.0E+00 7.5E+03 1.5E+04 2.3E+04 3.0E+04 -

Real (§*) (MPa)
(a)
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Figure 4-16. Specimen C2-V1 interface complex moeslgbnsidering interface as an

ar-frequency (Hz)
(c)

equivalent layer for three different thicknesse®,(2.5 and 5.0mm) and considering interface

infinitely fine in (a) Cole-Cole, (b) Black spaamd (c) master curve {Ec*| or |Kce*|

Table 4-4. Coefficients of 2S2P1D model calibrdadC2-V1 test results concerning the in-

terface
. Ecoo (MPa) or |[Eco (MPa) or
Specimens k h 0 |Te(S) (Tret = 15°C) B

Koo (MPa/m) [Kco (MPa/m)

K, 1300.0 4.75E+06

E;: t=1.0mm 1.3 4.00E+03

0.175(0.550/2.800 0.03 250

Eq: t=2.5mm 3.5 8.50E+03
E;: t=5.0mm 6.5 1.40E+04
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The variation observed in the results are only edus/ glassy moduluSco (or Keo) and
static modulugEcoo (or Kcog) values. The increase in the chosen thicknesstedsinm a direct
increase in the increase in the stiffness of therfiace. In order to remove the effects of glassy
and static modulus, the normalization procedureriesd in section 2.4.5.1 was performed
according to the Eq. 2-12. The normalized experialetata points and 2S2P1D model are

presented in Figure 4-17 (a) to (d), in Cole-CBleck, master curve of norm of complex mod-

ulus, and master curve of phase angle, respectively

0.10 1.E+00 &
3 c2-vi
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S ) 3 £
: e 2
©0.05 - 2 %0 + 1.E-02
S @ Eg't=Imm" “Oz = @ Eg't=1mm"
-)|_<|_(|D 0.03 - @ Eg't=2.5mm" *3 1.E-03 - @ Eg"t=2.5mm"
> @ Eg"t=5mm" uf ¢ Eg'=5mm" R
= O Kq O K .
0.00 T T T 1.E-04 T
0.00 0.25 0.50 0.75 1.00 0 50 100
Real (E* or Ks*) normalized Phase angl€’
() (b)
1.00 100
S
5 0.75 | @ E't=1mm" s 1 @ Eg't=1mm"
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+0.50 - E 501
S O Ko S
= >
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(c) (d)

Figure 4-17. Interface of C2-V1 normalized compheadulus (E%orm) and complex mod-
ulus stiffness (K#om) (points) and 2S2P1D model (line): (a) Cole-Cdenp(b) Black space,

(c) master curve of norm of complex modulus, andridster curve of phase angle
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Both analysis approachds{andE;) could be modelled by 2S2P1D, which indicates that
the interface composed by geogrid and tack cohitwminous emulsion have a LVE behavior.
The normalized curves show that both analysis mettine same LVE information from the
analyzed interface, since it is observed a supéipo®f points in the normalized plots. Finally,
the normalized 2S2P1D model is the same for alh gaints, since they presented the same
shape coefficients of the modé&l ©,0, andp), as can be seen in Table 4-4.

4.6.2.2. Specimen type H: C2-H3

The last example of results analysis of specimensaming interfaces, concerns type H
samples. C2-H3 was the result chosen to be prekdntéhose cases, the analysis of result is
very similar to the one conducted on specimensowitinterfaces discussed in section 4.6.1.
The main difference between the two cases is abeunstrumentation used during test, two
couples of extensometer with different lengths @amal couples of non-contact transducers for
radial measurements. Figure 4-18 presents the atsopdetween the results obtained for each

couple of extensometer different (25 and 90mmpjnJole-Cole plan and (b) Black space.

3.5E+03 1.E+02 ; -
C2-H3 eL1'25mm' @L1'25mm
§3.0E+03 + oL2'90mm’ 1 E+04 4 oL2'90mm
S 2.5E+03+ .
©
—~ E+ 4
£ 2.0E+03 + g 1E+03
51.5E+03 - i 1E+02 |
21.0E+03 ]
£ 1.E+01 +
5.0E+02
— C2-H3 252P1D| C2-H3 | — Cc2-H3 252P1D|
0.0E+00 ! 1.E+00 : ;
0.E+00 2.E+04 4. E+0¢ 0 20 40 6C
Real (E*) (MPa) Phase angle’)
() (b)

Figure 4-18. Experimental resul&((25mm) andg2 (90mm)) for the specimen C2-H3
in (@) Cole-Cole plan and (b) Black space

From the experimental points, it is possible toepbs that the difference between the two

measures is negligible. These differences are ynodtted to the extensometer’s calibration
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and precision rather than a material property tiana Moreover, the geogrid interface pres-
ence seems to not changing the classical shaperofjae curve presented by bituminous mix-
tures. Regarding the radial measurements, thetsesitiained for the two analyzed directions
(I and IIl) were remarkably different. The Pois®ration in direction I, which is perpendic-
ular to the interface section, presented a widegeaf variation comparing to the one obtained
in direction Ill. Thevoo in both directions were the same, however,thealue varied from
0.08 (direction 11) to 0.27 (direction IIl). Thisaviation can be explained by the greater level of
strain in the interface occurring during loadingttve direction perpendicular to the interface
section (direction Il). Figure 4-19 presents thesteacurves of the norm of Poisson’s ration in
(a) direction 1l and (b) direction lll, obtainedrf@2-H3 atTre of 15°C. The 2S2P1D model

calibration coefficients are shown in Table 4-5.

0.60 0.60 ,
C2-H3 — C2-H3 2S2P1D C2-H3 ——49.7
0.50 - 0.50 - —o—ggé
Ao —0—33.
0.40 - Trer157C 0.40 - —0—23.9
—0—14.5
B - | —0—4.7
= 0.30 A =0.30 o0—-5 6
——-15.4
0.20 4| —=<—49.7 ——43.1 0.20 - ——-253
—0—335 —0—239 T, 115°C
——145 —0—47 =
o— -5 3 ' — C2-H3 282P1D‘
0.00 : : 0.00 : .
1.0E-08 1.0E-02 1.0E+04 1.0E+1( 1.0E-08 1.0E-02 1.0E+04 1.0E+1(
ar-Frequency (Hz) ar-Frequency (Hz)
(a) (b)

Figure 4-19. Specimen C2-H3 master curves of tmerwd Poisson’s ration (& = 15°C)

obtained for the radial directions (a) Il and (b)

Table 4-5. Coefficients of 2S2P1D model calibratadC2-H3 test results (& = 15°C)

Eoo(MPa) | Eo(MPa) k h 6 |Te(s)| B | vioo | vio | vmoo | viio
20.0 3.20E+04 0.185 0.60 2.35 0.30 200 Q.45 0.0845 0.0.27

- 144 -



[a

=
N
~~
%
L
N—r
P
-

@©
c

CYCLIC TENSION-COMPRESSION TEST CAMPAIGN

4.6.3. Complex modulus test results

4.6.3.1. Bituminous mixtures analysis and modelling

Figure 4-20 presents the complex modulus testtgesbltained for specimens type V in
Cole-Cole plan and Black space, respectively. Canicg specimens containing interface, the
complex modulus obtained for bituminous mixtureyqiida*) was plotted to compare with the
configuration A (no interface and no geogrid). Mwrer, the 2S2P1D model for each specimen
was also plotted. Figure 4-21 presents the compladtulus test results obtained for specimens
type H in Cole-Cole plan and Black space, respeltivin addition, the 2S2P1D model for
each specimen was also plotted for those resutts.cbefficients used in the calibration are
presented in Table 4-6. From Cole-Cole plan anaiBkpace plots, the results presented a

unique curve for both, specimens type V and H. TthesTTSP was validated for all specimens
tested during this work.

3.5E+0: 1.E+0¢
Lines: Lines: @ Al1-V2 - E*
3.0E+03 + 2S2P1D 2S2P1D B Al-V5 - E*
1.E+04 OB2-V1 - Ep*
2.5E+03 |+ 4 AB2-V2-E,*
X < B CE-V9 - E*
2.0E+03 + o 1.E+03 ® CE-VI0 - E,*
= % '_ @ C1-V6 - E*
13 — ® C2-VI] -E*
1.5B+03 fu 1.E+02 1 ' AD2VI -E*
1.0E+03 AD2-V3 -Ey*
W | A E2-V4 - E*
5.0E+02 4 1.E+01 A E2-V5 - B*
0.0E+00 | 1.E+00 |
0.E+00 2.E+04 4.E+04 0 35 70
Real (E*) (MPa) Phase angle’)
(a) (b)

Figure 4-20. Complex modulus test results for typmamples and 2S2P1D model for

each test in (a) Cole-Cole plan and (b) Black space
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Figure 4-21. Complex modulus test results for tijpgamples and 2S2P1D simulations

for each test in (a) Cole-Cole plan and (b) Blgoice

Table 4-6. Coefficients of 2S2P1D model calibratdmixtures test results

Specimen | ko (MPa) | Eo(MPa) | 1e (S)(Tref = 15°C) | k h ) ]
A1-V2 15.0 | 3.12E+04
A1-V5 10.5 | 2.95E+04
A1-H3 25.0 | 3.40E+04 027
Al-H4 10.0 | 3.33E+04
B2-V1Ea* 12.0 | 3.20E+04 0.40
B2-V2 En* 30.0 | 3.35E+04 0.27
B1-H1 6.0 3.25E+04 0.32
B1-H2 15.0 | 3.35E+04 0.40
CE-V9Ex* 55.0 | 3.55E+04 0.80 0.185| 0.60| 2.35| 200
CE-V10Ea* 40.0 | 3.00E+04 0.27
C1-V6 Ex* 50.0 | 3.10E+04
C2-V1En* 60.0 | 3.20E+04 050
CE-H4 35.0 | 3.25E+04 0.27
C2-H1 13.0 | 3.10E+04 0.30
C2-H3 20.0 | 3.25E+04 0.50
D2-V1 Ea* 35.0 | 3.30E+04
D2-V3 Ea* 15.0 | 3.10E+04 040
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D1-H1 7.0 2.92E+04
D1-H3 10.0 3.40E+04
E2-V4 Ex* 20.0 3.20E+04 050
E2-V5Ea* 25.0 3.15E+04 '
E1-H1 10.0 3.30E+04
0.40
E1-H2 10.0 3.35E+04

The calculatiorEa* resulted in unique curves, presenting the sameesbagifficients of
the 2S2P1D modek( h,d, andp) than the specimen in configuration A, as obsem€ebable
4-6. The difference in the results is related ®dlassy modulussf) and static modulussge)
of the specimens. In order to explain these diffees, thes, values were plotted against the
air voids content of the specimen in Figure 4-22e Ted circles stand for the specimens type
H, and red dash line is the linear fit done forsth@pecimens. The blue circles stand for the
specimens type V, and the blue dash line is treatitit for V. Finally, the black dash line is

the linear fit for all the tested specimens.

3.5E+04

R Al1-H3
sagr04 | DA E1-H2 y = -1163.5x + 40350
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3.3E+04 O Y. C2-H3 CE-H4 Experimental points
-
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2.8E+04
55 6.5 7.5 8.5 9.5

Air Voids (%)

Figure 4-22. Glassy moduluBd) against voids content for all tested samples

The linear fit obtained for specimens V was wotsantthe fit obtained for specimens H,
since the R? was 67.6% for specimens V, while théoRspecimens H was 86.8%. However,
the R2 obtained in the fitting for all specimenssw&.4%. Thus, the variation Bf obtained in
the test results is highly related to the air voidisation on the specimens. This statement agrees
with the previous works conducted in the LTDS/ENTf#Em (Pham et al. 2015, Cardona
Ramirez 2016, Pedraza 2018). In addition, the dnadbtained for all specimens (black dash

line) is an indicator that the anisotropy for tested specimens could be negligible.
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Nonetheless, the glassy modulig)(and static modulusEfe) are parameters that vary
from sample to sample in the function of its paiaeities, such as air voids. Thus, they do not
represent the LVE behavior of the material. In otdecompare the LVE behavior of the tested
specimens, the normalization described in sectidrb2vas again performed. Figure 4-23 pre-
sents the complex modulus test results of all spexes with the 2S2P1D model in Cole-Cole
plan, while Figure 4-24 in Black space. Figure 4pP&sents the normalized master curves for
norm of complex modulus of all specimens with t82R1D model, while Figure 4-26 presents

the master curve for phase angle.
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Figure 4-23. Complex modulus test results of aficemens in normalized Cole-Cole plan
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Figure 4-24. Complex modulus test results of aicemens in normalized Black space
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Figure 4-25. Normalized master curve of the norrthefcomplex modulus of all speci-
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Figure 4-26. Normalized master curve of the norrthefphase angle of all specimens

From the normalized curves, it can be observedtltee is a superposition in all experi-
mental points. This superposition observed indg#tat the LVE behavior of all results is the
same. A same LVE behavior was expected from thdtgesince the same bituminous mixture
constituted all specimens. Moreover, this resuttatmorates with the effectiveness of the
obtained through the calculation described in sacti4.1. This demonstrates that the new pro-
posed analysis in this investigation is a relidbld for interface LVE characterization includ-
ing interface with geogrid reinforcement. Finally,good repeatability was verified for the
tested specimens.

Regarding the results concerning Poisson’s ratamld 4-7 presents the coefficients
andvofor 2S2P1D model in 3-Dimensions calibrated ovet tesults depending on the radial
direction analyzed. Figure 4-27 presents a normdlinaster curve of the norm of Poisson’s

ratio for all the tested specimens.
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Table 4-7. Coefficientggo andvo of 2S2P1D model calibrated for mixtures test rssul

Specimen | voor vol Vooll voll voolll volil
Al-V2 0.34 0.19
Al-V5 0.45 0.17
Al-H3 0.44| 0.23
Al-H4 0.45| 0.19
B2-V1 0.66| 0.21 0.50 0.16
B2-V2 0.36| 0.22 0.40 0.13
B1-H1 0.56| 0.22 0.36 0.18
B1-H2 0.50| 0.23 0.50 0.28
CE-V9 0.23| 0.15 0.15 0.14
CE-V10 0.34| 0.17 0.40 0.24
C1-V6 0.25| 0.18 0.14 0.12
C2-vi 0.60| 0.50 0.30 0.19
CE-H4 0.70| 0.12
C2-H1 0.40| 0.08 0.37 0.24
C2-H3 0.45| 0.08 0.45 0.27
D2-V1 0.28 0.20
D2-V3 0.18 0.11
D1-H1 0.44| 0.23 0.30 0.18
D1-H3 0.46| 0.21 0.32 0.24
E2-V4 0.13 0.20
E2-V5 0.27 0.15
E1-H1 0.51| 0.19 0.37 0.15
E1-H2 037 0.14 0.42 0.24
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Figure 4-27. Normalized master curve of the norrRa@fson’s ratio of all specimens

As aforementioned, the radial measurements at tequencies and high temperatures
were scattered points. At these conditions, differaechanisms interfere in the radial meas-
urements. For this reason, the results obtainettdguencies smaller than 0.001Hz should be
removed. Moreover, the dispersions observedfare related to the specimens’ heterogeneity
due to the interface presence. Finally, Figure $i28ents the normalized master curve of the
norm of complex modulus and Poisson'’s ratio plottggether with all tested specimens. This
result indicates that all the tested specimenspted the same LVE behavior regardless of the
analyzed direction. Moreover, the most scatteredtpavere due to the geogrid presence in the

analyzed specimen.
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Figure 4-28. Normalized master curve of the normarhplex modulus and Poisson’s ra-

tio of all specimens
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4.6.3.2. Interfaces analysis and modeling

Regarding the interface analysis, the interfadéns8s Kc*) was used to compare the
results obtained, since it is not dependent onrhitrarily chosen thickness, as discussed in
section 4.4.2. Figure 4-29 presents all interfaragex modulus test results in Cole-Cole plan
with the 2S2P1D model.

— ;Eigg + e “° o Lines: 2S2P1D @ B2-VI -K*
sl : pm
QA 7E+05+ oYt #+ o o + CEVO -K *
:’ 6.E+05 + +* \ (6) © CI-V6 - Kg*
ﬁg 5.E+05 1+ ¢ T ++ P C2-V1 - Kg*
§ 4 E+05 + ) = <] ++ +.\ © ® D2-VI -Kg*
Rorgeenne, N -a | iEuE
~ 1.E+05 : = % + E2-V5 - Kg*
0.E+00 i ' i

0.E+00 2.E+06 4. E+06 6.E+06 8.E+06 1.E+07
Real K;* (MPa/m)

Figure 4-29. Interface complex modul#sst) test results in Cole-Cole plan

From the results, it can be observed that the spas in configuration B (interface com-
posed only by emulsion bitumen) presented high#nass, when compared to the other con-

figurations. Figure 4-30 presents theokdbtained for the tested specimens.

1.2E407 Unreinforced Reinforced
2E+ _
_ 1.0E407 9.2E+6 v Emulsion tack coat—y 2
€ . ---- |480g/m? 800g/m
® 8.0E+06 ; ) |
< 3.0E+6  4.9E+6
s 6.0E+06 TEETE oEe
B4.0E+06 17646 - -} M----
X 2.0E+06 .

0.0E+00

L0 S D LD D O

Specimen

Figure 4-30. ko obtained for each tested specimen
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From the previous figure, it can be observed thatunreinforced specimens (configura-
tion B) presented almost twice more stiffness tthensecond stiffer configuration. Thus, the
results indicate that the fiberglass geogrid presémthe interface decreases its stiffness, which
was already expected. As there is no geogrid inrttegface, more contact exists between the
two layers of bituminous mixtures, creating frictithat could increase its stiffness during load-
ing cycles. Concerning the reinforcement speciméresgonfiguration C containing less emul-
sion (480g/m?) called CE, presented the lower fater stiffness than the C specimens with
800g/m2 of emulsion. It indicates that the emulsiate used to bond the geogrid between the
mixtures has a direct influence on the interfadtnsss. Configurations C (geogrid of 100kN)
and D (geogrid of 50kN) presented similar interfatéfness. However, configuration E (ge-
ogrid of 100kN with emulsion modified by SBS) pret the stiffest interface among the
reinforced interfaces. The modification increasesadhesive properties of the bitumen present
in the emulsion. Thus, the quality of the emulsamimesion creates stiffer interfaces between
bituminous mixtures reinforced by fiberglass geagiihis result corroborates with the work
done by Cho et al. (2016), showing that the tackt gmality can overlap the influence of ge-
ogrid type. Table 4-8 presents all the 2S2P1D modelfficients calibrated fdfc*.

Table 4-8. Coefficients of 252P1D model calibrdtadnterface complex modulu&é*)

Specimen| Kcoo(MPa/m) | Kco(MPa/m) k h ) Te(s) (15°C)| B
B2-V1 4000 1.00E+07 0.200
0.210 0.600 30
B2-V2 7000 8.30E+06 0.100
CE-V9 450 1.50E+06 0.030
CE-V10 230 1.85E+06 0.008
0.550 | 2.800 250
C1-v6 800 2.30E+06
0.175
C2-vi 1300 4.75E+06
0.030
D2-V1 888 4 90E+06
150
D2-V3 500 2.80E+06
0.590
E2-V4 400 4.10E+06 0.007
0.165 3.700 500
E2-V5 700 5.70E+06 0.011

In order to evaluate the LVE behavior of the inteds studies, the normalization described

in section 2.4.6 was again performed. Figure 44&kgnts the normalized interface complex
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stiffness results plotted in Cole-Cole plan. Therfaces LVE behavior obtained for configu-
ration C was the same regardless the emulsionMateover, comparing configurations C and
D, very similar behavior was found. However, theSSBodification in configuration E and the

lack of geogrid in configuration B yield in considble variation in LVE behavior of interfaces.

0.1C

0.09 + ° S-.© ©_ Unreinforced © B2-VI - Kg*
+ ot + B2-V2 - Kg*
5 008 ¢ (B A i N 8 et
%‘ 0.07 + (0] O - > ) ° = + CE.VO . KG*
£ 0067 e+t &0 0 C1-V6 - Kg*
2 0.05 | S OV Kot
£0.04 | SBS o ® D2-VI - Kg*
20.03 = ¥ D2V3 - Ko*
= 0.02 3 ® E2-V4-Kg*
0.00 . . |

0.E+00 2.E-01 4.E-01 6.E-01 8.E-01 1.E+00
Real K;* normalized

Figure 4-31. Normalized interface complex stiffn@€s*) test results in Cole-Cole plan

The interface complex modul&s* defined in section 4.4.1, yields an interfacefrstigs
for a given thickness. However, the contrary cardtwee by imposing the interface stiffness
and obtaining an equivalent thickness. Thus, thar®n stiffness was imposed by fixing the
Eo value of 3GPa, which can be considered as angeeaue for bitumen (Mangiafico 2014).
TheEg* values obtained for the tested specimens werd akéhe mentionel value, and the
thicknesses for each test were calculated. Figid2 gresents thEs* in Cole-Cole plan fixing
Eo = 3GPa and Figure 4-33 presents the thicknessrsiaer in order to have the samg Bf
the interface for all tested specimens.
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35C
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Figure 4-32. Interface complex modulss) test results in Cole-Cole plan fixing E

3GPa as reference

Unreinforced Reinforced
€25 1.95
£20 -
215 1.09
210 I 0.69
S 0.37 -
=05 | ___
= 0.0 J .
. N ,A’\z Q\Q 40) 4‘0 \, 4\ b& 4‘)
Specimen

Figure 4-33. Thicknesses to consider to obtairstiiee &* of the interface using &=

3GPa as reference

Regarding the configuration B, the average thickneas 0.37mm. In the specimens of
this slab configuration, the interface is composely by the residual bitumen remaining after
the break of the emulsion. According to (need exfee), the bitumen film involving an aggre-
gate particle measures about 300 which is closed to the thickness obtained farfiguration
B. Therefore, the proposed methodology was capaliteeasure the stiffness of a bitumen film
present on the interface, which corroborates withreliability of this new interface analysis

method proposed in this work.
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4.6.4. Influence of fiberglass geogrid on H specimen’s behavior

Specimens type H have the geogrid in the interfai@mted in the axial direction, same of
loading for the complex modulus tests. Assuming tha complex modulus measuréslf)
during the test is a composition of the bituminaugtures complex modulu€Eg*) plus the
geogrid stiffnessKc_spg. However, the geogrid stiffness does not haveouis component,
since it an elastic material. Thus, the complex mhaslof bituminous mixtures can be obtained
using the following equation.

K¢ spc Eq. 4-21

WhereC stands for geogrid mobilization in percentage mythe test an8is the area of
specimen section. To calculéfe spg the information presented on section 3.1.2 waslus
Concerning Notex Gla8<C 100/100-25, a maximum of 100kN/m is obtaine@%tof strain.
The mesh opening is 25mm, thus, for 1m there angd@s. In the specimen’s section there is
3 yarns, and its diameter is 75mm. From this infafon, theKe_spcfor the mentioned grid is
approximately 61MPa, and the one for Notex Gla8$50/50-25 is half of the value, approxi-
mately 30.5MPa. In order to obtain the percentdggeogrid mobilization during the complex
modulus tests, three hypotheses were assumedie(iye¢ogrid was totally mobilizedC (=
100%), (ii) the geogrid was half mobilize@ € 50%), and (iii) the geogrid was not mobilized
(C = 0%). The results were plotted with the resuliiamed concerning the specimens without
geogrid (A1-H3, A1-H4, B1-H1, and B1-H2) in Blagkase. Furthermore, it was observed that,
those unreinforced specimens presented similarecsimapes, having a peak of phase angle
value between 35 and 45°C, classically obtaineditminous mixtures. Moreover, the ge-
ogrid influence is only noticeable at high temperes, since at low temperatures the bitumi-
nous mixture have a high modulus that overlapg#uogrid contribution to support of the load-
ing. Thus, based on that, the criterion of mobii@awas defined as phase angle maximum of

62°. Figure 4-34 presents an example for specinteti€ of the mentioned procedure.
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Figure 4-34. Complex modulus test results in Blsyglice of unreinforced specimens plot-
ted with CE-H4 with different percentages of gedgnobilization for the definition of the
real percentage of mobilization

From the figure, it is possible to observe thatvialues of C of 50 and 100%, the points at
high temperature crossed the defined limit, meathagthe geogrid present a lower percentage
of mobilization for CE-H4. Then, the maximum valfeC (Cuax) represents the real percent-
age of geogrid mobilization of the analyzed speanidus, simulations of C values were per-
formed in order to defined th@vax value, which was 38% for CE-H4. The same simutatio
was performed for all reinforced specimens and treypresented in Black space in Figure
4-35. Finally, Figure 4-36 presents the percentdgeogrid mobilization in the complex mod-

ulus test concerning specimens H for each studisdc®nfiguration.
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Figure 4-35. Complex modulus test in Black spacealiatype H reinforced specimens

considering at the percentage of geogrid mobilratiuring the testGuax)
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Figure 4-36. Percentage of geogrid mobilizatiospecimens H during complex modulus

test for each slab configuration

The specimen containing less emulsion on the imter{CE) presented higher percentage
of geogrid mobilization during the test. It was eppmately twice more mobilized than aver-
age of all other specimens’ mobilization. Regardimgother slabs configurations, a trend was
observed from configuration C presenting the higlgesgrid mobilization level and configu-
ration E presenting the lowest geogrid mobilizatievel. However, the specimens presented

considerably low level of geogrid mobilization atal strain amplitudes tension-compression
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tests, especially configuration E (8 and 10%). &mmenon of slippage occurring in the in-

terface could be the responsible for this low leMetjeogrid mobilization obtained from test

results. At high temperatures, the bitumen remgifiom the emulsion break in the interface
presents low stiffness and could facilitate theggebslippage during loading cycles. Which

could explain the fact that the specimen contaih@sg emulsion in his interface presented a
higher percentage of geogrid mobilization.

4.7. Chapter conclusions

The presented work in this chapter was focusecerbéhavior of reinforced specimens
cored in different directions when subjected to Ismsiain amplitude loading. Moreover, it
proposes a new interface analysis method for compledulus tests of specimens reinforced

by geogrid. Therefore, some conclusion can be drawn

* The unreinforced materials presented a LVE behahtrwas successfully mod-
eled using 2S2PD model.

* The complex modulus concerning bituminous mixtugets €;) in reinforced
specimens was successfully obtained and validatddtie results obtained for
mixtures without reinforcement.

* The interface behavior obtained is LVE and it cduddmodeled by 2S2PD.

* The complex modulus concerning interfagg)(in reinforced specimens was suc-
cessfully obtained and validated using specimem®rface without geogrid) by
obtaining the same order of magnitude of a bitufilenthickness and modulus.

* The method considering bulk continuum mechanidhéninterface layer and the
one based on infinitely small thickness interfaive gimilar LVE information.

» The proposed methodology could be a very usefulftomamproving the design
calculation of geogrid-reinforced pavement struesur

* Interface bond quality, concerning the correct esioul rate application and adhe-
sion improvement by SBS modification, presentedhdignfluence in the interface
stiffness than the type of geogrid.

» Considerable low level of geogrid mobilization vedgained at small strain ampli-
tudes tension-compression tests concerning spesimemnzontally cored. Espe-
cially for specimens with interface with bitumen difeed by SBS.
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5.1. Introduction

Most studies in literature related to geogrid reroément agreed with its benefits to limit
reflective cracking development. The further stethe investigation of geogrid reinforcement
benefits is the identification of other reinforcamhenechanisms that can improve pavement
performances. Some authors have been working guetiement structural capacity increasing
due to the reinforcement, specially the contrgb@fmanent vertical strain in pavement layers
(Laurinavicius and Oginskas 2006, Graziani et @ll4 Guler and Atalay 2016, Correia and
Zornberg, 2018).

The purpose of this chapter is to present the @xeatal campaign conducted to charac-
terize the five different slab configurations, sdipd to monotonic axial tension loading. The
experimental procedure and devices are presergaeklaas the tested specimens for this char-
acterization. In this chapter, discussions aboatdiameter size effect and interface behavior
in specimens type V, based on test results are kalthermore, a TTSP verification in bitu-
minous mixtures plastic behavior and non-linear dims for reinforced and unreinforced con-
figurations, types V and H, is conducted. Lasthg ggeogrid contribution to the tension support

for reinforced type H specimens is evaluated.

5.2. Objectives

For the investigation conducted in this chaptemembjectives can be listed:

» To verify the applicability of the methodology debed in section 4.4 to the inter-
face behavior characterization at axial monotoansion loading.

» To verify the diameter size effect on the tensiwargyth resistance results of rein-
forced specimen type V (perpendicularly cored iatren to the slab compaction
direction).

» To validate the TTSP for interface and bituminoustare for monotonic tension
tests

* To evaluate the contribution of the geogrid toreximum tensile strength of bi-
tuminous mixtures in specimens type H (cored insdm@e direction of the slab
compaction direction). As well as, the effect ofximaum geogrids strength re-

sistances and the type of emulsion used as ta¢k coa
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» To assess the interface behavior, containing geé@gmot, its maximum tensile
strength (bond quality) and the effect of polymerdification (SBS) on the emul-

sion used as tack coat.

5.3. Experimental procedures and devices

5.3.1. Hydraulic press and instrumentation

The equipment used for conducting the investiggtieriormed in this chapter is the same
used in Chapter 4 concerning the complex modulpsmxental campaign. The description of
the hydraulic press and the transducers used twot@nd collect the experimental data are
detailed in Section 4.3.1. Regarding the instruigm, the same extensometers used for com-
plex modulus tests were used to allow the intertdwacterization during tension tests. The
first couple of extensometers had a 25mm lenigjla(d they were disposed at 180° from one
another. The other couple had a 90mm len)hafhd extensometers were disposed at 180°
from one another. The loading strain amplitude eagrolled during the test from the average
of the two smaller extensometelrg.(However, the non-contact transducers were rexd,uue
to the unpredictable behavior of the specimen iairé&athat could cause damage to the men-
tioned transducers. Thus, no radial strain datacsiscted during the tension tests presented

in this chapter.

5.3.2. Tension test protocol

The tension tests were carried out on cylindripalcgmens using tension loading at strain-
controlled mode. Two strain rates were combinedh Witee temperatures composing the ten-
sion experimental campaign, as can be seen ind-igudr. The first strain rate used was the
“fast” one: 2%/min, whereas the second one wascxppately 0.002%/min, as a “slow” rate.
Concerning the tested temperatures, 40, 19 andv@?€ chosen.

According to Nguyen et al. (2009), the TTSP caralse verified in bituminous mixtures
plastic behavior and non-linear domains. In the toaed work, the authors used the LVE
WLF equation parameters to choose the pair frequsmaperature that gives the same me-
chanical response before plastic failure. Thusréiselts at 40°C and fast strain rate (2%/min)
are compared with the results at 19°C and slownstede, which is defined from LVE WLF

equation parameters. Whereas the results at 199G@aah strain rate (2%/min) are compared
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with the results at 0°C and slow strain rate, whglalso defined from LVE WLF equation
parameters. For each specimen, the slow rate waset using the LVE behavior obtained
prior to the tension test. Similar results in thieee comparisons validate the TTSP for tension

tests.

T(°C)

40 +---- i------—-_;:‘-

19 T ‘7:' verification
(S S —_—

~0.002 2 £ (%/min)

Figure 5-1. Experimental program: combinations leetwvtemperatures and strain rates

Aforetime the tension test itself, a frequency st was carried out using sinusoidal
tension-compression loading at strain-controllethwamplitude §o) of 50um/m (in smaller
extensometers), in order to obtain the LVE behavidhe specimens just before being sub-

jected to failure. Seven frequencies were useligstep: 0.01, 0.03, 0.1, 0.3, 1, 3 and 10Hz,
using the same number of loading cycles used fampbex modulus test, as described in sec-

tion 4.3.2, Figure 4-3(b). The tension tests i thork are composed of three steps, as shown

6.0E+03 —— —
s & B
2 SOE+03 {2 1 = » / &
= o ! p 3] o~
8 40E+03 £ 4§ 1F >
= < ]
C3.0E+03 + | B ! — e
& ! o !
& 20E+03 + ' M A= 2%/min
1.0E+03 + ]
I g !
0.0E+00 L _ : :
0 5 10 15 20 25 30
. Time (s)
in
Figure 5-2:

I.  Initial tension at constant strain ratg,(controlled by the average of extensome-
terly (25mm), until the strain reaches 1p@@'m.
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ii.  Relaxation test at 10Qn/m strain-controlled during: (a) 10s at fast r@te
2%/min), and (b) 10 multiplied by tree obtained in the frequency sweep (c.f.
Figure 5-3) at slow rate.

iii.  Final tension at constant strain raég (ntil the specimen reaches the complete

failure (total loss of loading support).

However, for some tests, the maximum range measurecapacity of the smaller exten-

someters was reached and the test was stoppedentoravoid harm in the extensometer.
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5.0E+03 -

(m/m)

4.0E+03

"TenSion
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1.0E+03

0.0E+00 : i i : :
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&

Relaxation (10s)

& =2%/min

30

Figure 5-2. Example of the tension test for 19°@ a%/min

Finally, the slow strain rate is defined by divigithe fast strain rate by tlae obtained in
the frequency sweep test conducted before theatemsst. Figure 5-3 presents an example of
the tension test for 19°C at 2%/min and the 0°€l@w strain rate plotted in equivalent time.

On this axis, the curves are the same, and the TagmPe verified from test results.

6.0E+03
= T =19°C
2 4.0E+03 1 o
= t(0°C) = 10 - ar 19°C
z — 0°C
._"_" 2.0E+0“ : J 1906‘
3 ) 000y = 2870
T
0.0E+00 : : : : :
510 15 20 25 30

Equivalent Time (s)

Figure 5-3. Example of slow rate determinationeinsion test concerning 19°C, fast rate

(2%/min) and 0°C, slow rate.
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5.3.3. Analysis of interface concerning specimens type V

Similar to the calculation performed in Section, 4% data obtained from the two couples
of extensometers were used to calculate the ax&hf the bituminous mixturee() and the
axial strain of the interface layess). This method assumes that the axial strain measemt
from each extensometer is the compositioxoénd &. The strain values measured by each

couple of extensometer could be expressed accotdliting following equations:

Emllllng.(ll_t)-I_EG.t Eq5'1

sz'IZZSA'(lz_t)+€G't Eq5'2

Where &n1 and &n2 are the measured strains (respectively from colided 2 of exten-
someters)l, andl, are the length of smaller (25 mm) and longer (90)raxtensometers, re-
spectively. From these equatiogscan be obtained as shown in Eq. 5-3 and it carsbd to

calculate as shown in Eq. 5-4. This strairdepends on the interface thickne3s (

Em1 i —&m2 Eq. 5-3
-1

SA:

m1 l— &l —t) Eqg. 5-4
t

€
g(t) =

However, the interface strain is calculated by assg an interface thickness value, which
is another variable for the analysis. Moreovers thterface thickness could not be easily and
accurately determined. In order to remove its grfice, the interface has been assimilated to a
surface. The parameter to be considered is nattaim in a layer but becomes the displacement
gap @u) observed at the interface. The interface disphere gap {u) is calculated from Eq.

5-4 when considering t infinitively small (Eq. 5-5)

Au = Em1 ll — &y ll Eq 5'5
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5.4. Tested Specimens

For each slab configuration, the specimens wergelivinto two groups regarding the
geogrid position from slab coring. The first gragghe H specimens, cored in the same com-
paction direction. In this case, the interfacehia specimens containing it, are in specimens
longitudinal direction, which is the same loadimgedtion (c.f. section 3.2.3). The second group
is composed of V specimens, cored perpendiculanglation to the compaction direction. The
interface in those specimens are perpendiculaglation to the loading direction (c.f. section
3.2.3). Four additional V specimens were fabricatétl a larger diameter evaluate the diame-
ter size effect in the specimen behavior. Tablegsekents all the tested specimens with inter-
face composition and tack coat rate, air voidsutated in the bituminous mixture, and the
testing temperature and strain rate of loading.

Table 5-1. Tested specimens’ composition, air vaials testing temperatures and strain rates

Speci- Coring Interface Air Voids | Tempera- | Strain rate
men direction | Composition | Tack coat rate| (Mix) (%) | ture (°C) | (%/min)
Al-H2 5.6
40 2
A3-H11 6.4
A3-H5 6.3 0.005
A3-H10 6.1 0.002
Horizontal 19
A3-H4 7.1 5
A3-H7 5.4
A3-H6 5.9 0 0.001
A3-H9 ' . 7.0 0.002
Not applicable| Not applicable
Al-V4 7.4
40 2
Al-V1l 6.3
Al-v8 6.8 0.002
A2-V1 7.3 0.006
Vertical 19
Al1-V9 7.5 )
A4-V1 8.7
Al1-V7 6.6 0 0.001
A4-\V2 8.7 0.003
B1-H1 . Emulsion Bi- 7.0
Horizontal 292g/m?2 40 2
B2-H2 tumen 160/22( 6.6
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B2-H1 7.6 0.005
B2-H4 9.4 0.004
19
B1-H2 6.1 5
B2-H3 7.5
B1-H3 7.8 0 0.002
B3-H11 6.9 0.001
B2-V5 7.3
40 2
B2-V9 6.5
B2-V8 6.5 0.001
B2-V12 _ 6.7 0.003
Vertical 19
B2-V6 7.0 )
B2-V10 6.5
B2-v11 7.6 0 0.002
B2-V14 7.1 0.001
C2-H1 7.8
40 2
C3-H3 8.1
C2-H2 7.2 0.003
C4-H1 7.2 19 0.005
CoH3 Horizontal 73 )
C3-H1 8.5
C2-H4 8.6 0 0.003
C3-H2 7.2 0.001
Emulsion bitu-
C1-V6 8.3
men 160/220
C2-V4 2x400g/m? 8.4 40
and GG 2
C1l-vL2 8.8
100kN/m
C1-VL3 8.3
C2-V3 7.2 0.001
C2'V6 Ver“ca' 67 0002
C2-V1 7.1
C2-V5 7.4 19 5
C1l-vL4 8.5
C2-VL1 8.4
C2-V2 8.0 0 0.003
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C2-v7

D2-H3

D3-H11

D2-H4

D3-H12

D1-H1

D2-H5

D1-H3

D2-H6

Horizontal

D2-V1

D2-V10

D2-v4

D2-v7

D2-V3

D2-V8

D2-V5

D2-V9

Vertical

Emulsion bitu-
men 160/220
and GG
50kN/m

E1-H3

E3-H3

E2-H2

E3-H2

E1-H2

E2-H3

E2-H4

E2-H5

Horizontal

E2-V3

E2-V8

E2-V6

E2-V9

E2-V4

E2-V5

E2-V7

E2-V10

Vertical

Emulsion bitu-
men 160/220
with SBS and
GG 100kN/m

7.0 0.001
7.2
40 2
7.1
6.8 0.005
7.4 0.003
19
8.8
2
8.2
7.3 0 0.001
7.0 0.001
6.0
40 2
7.4
6.4 0.002
6.1 0.004
19
6.9
2
6.9
5.8 0 0.001
6.7 0.001
7.4
40 2
6.9
5.8 0.004
6.8 0.003
19
6.4
2
7.8
6.5 0 0.003
6.9 0.001
6.8
40 2
7.3
5.8 0.003
6.7 0.005
19
6.8
2
6.7
5.8 0 0.001
5.6 0.001
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GG 100kN: Geogrid Notex Gld8< 100/100-25; and GG 50kN: Geogrid Notex Gta€s
50/50-25

5.5. Bituminous mixtures and interfaces results

5.5.1. Example of result of specimens without interface: A3-H4, 19°C,
2%/min

Figure 5-4(a) presents the axial strain loadingceomng the two couples of extensometers
used on specimen A3-H3 at 19°C and 2%/min, as ampbe of a tension test result. It is
noticeable that the strain measured by the exteetwin is very similar to the couple used to
control the testl(). A variation between the values was observedeend of the test, due to
the failure. Figure 5-4(b) presents the axial strasasured during loading in function of testing
time. Finally, Figure 5-4(c) presents the cladspbat axial stress vs axial strain for the meas-

urements of extensometersandlo.

1.E+04
= A3-H4, 19°C
S 8.E+03 +
S
= 6.E+03 +
o
s
& 4E+03 +
< 2 E+03 1 =]} “25mm”
é =1, “90mm”
0.E+00 f } f
0 10 20 30 40
Time (s)
(a)
3.0 3.0
A3-H4 - (- A A3-H4
<25 + < 2.5 +
S S 0 7
2 20 + & 20 + ——\Y_W
%) w2
& 1.5 + $ 15 +
> &
7] . u
- 1.0 = 1.0 — 1, “25mm”
é 0.5 1 é 0.5 o ], “90mm”
©peak
0.0 : : : 0.0 - : :
0 10 20 30 40 0 2500 5000 7500 10000
Time (s) Axial Strain (pun/m)
(b) (©)
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Figure 5-4. Example of tension test result of speci A3-H4: (a) axial strain vs testing
time forl: “25mm” (controlling) and2 “90mm” (measuring), (b) axial stress vs testimge;j

and (c) classical stress-strain curvelid25mm” (controlling) and2 “90mm” (measuring).

From Figure 5-4(c), is noticeable that the two despresent again very similar curves,
indicating that the strain is homogeneous througlioel specimen during the loading. Thus,
the axial strain considered is the average of dlie ineasurements obtained from each exten-
someter. Thus, the use of the individual measur&wdreach couple of extensometer is limited
to the analysis of specimens type V containingrfate. Moreover, is observed in the men-
tioned plot that it presents a peak point, whicarabterizes the maximum stress supported by
the material 4pea) and the strain level associated with this st(assy. These peak values will

be later used in the maximum strength charactésizaff the tested configurations

5.5.2. Example of result obtained from specimens having interface

In this section, only an example of specimen tyds presented, since the result for spec-
imen type H are similar to those explained for gguration A in the last section. Then, this

section is divided into results of bituminous mnetand interface, concerning type V specimen.

5.5.2.1. Specimen type V: C2-V5, 19°C, 2%/min (Bituminous Mixture)

C2-V5 tested at 19°C and 2%/min was used as an m@ranh specimen type V having
interface. Figure 5-5(a) presents the strain measloly the two couple of extensometéra(d
I2) plotted with the strain in the bituminous mixtusaly (¢) obtained using the procedure
described in Section 5.3.3. Figure 5-5(b) presth@sstress response to the strain loading and

Figure 5-5(c) presents the stress vs strain grdphle, |> and .
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Figure 5-5. Example of tension test result of smeci C2-V5: (a) axial strain vs testing
time forl: “25mm?”, 12 “90mm”, and bituminous mixture onlyA), (b) axial stress vs testing
time, and (c) classical stress-strain curved f625mm”, |2 “90mm?”, and bituminous mixture

only (&n).

From Figure 5-5(a) and (c), it can be observedtti@strain in the bituminous mixture is
very small when compared to the strain measurédenwo couples of extensometers. It indi-
cates that most of the strain on the specimen guesting is concentrated at the interface level.
Then, the strain in the interface can be calcul&tmd a randomly given thicknesd and it is

fully discussed in the next section.

5.5.2.2. Specimen type V: C2-V5, 19°C, 2%,/min (Interface)

Similarly to the interface analysis of complex mhdutest results, the same three thick-
nesses (1.0, 2.5 and 5.0mm) were chosen for tloelladbn represented in Eq. 5-4. Figure
5-6(a) presents the interface behavior of the tbhesen thicknesses due to the tension loading.
It can be noticed that the increase in the intertlitckness yields a decrease in the interface

strain €g). The strain obtained for 1mm is approximatelytéées higher than the one obtained
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for 5mm. The same trend was already observed indhglex modulus analysis of interfaces
discussed in Section 4.6.2.1. Figure 5-6(b) prestra displacement gagy) observed at the
interface for the aforementioned specimen. Therpaterd4u is preferable to be used for the

comparison between different specimens sinceiidgpendent of an arbitrary interface thick-

ness.
1.5 1.5
C2-V5, 19°C — £g “t=lmm” C2-V5, 19°C
£ “t=2.5mm”
,‘?l 0 _{ — £ “t=5Smm” =10 +
% \ 2
3 [
$0.5 - 205 -
0.0 | i % 0.0 I
0.0E+00 2.5E+04 S5.0E+04 7.5E+04 0.0E+00 5.0E+01 1.0E+02
g (Mm/m) Au (pm)
(@) (b)

Figure 5-6. Interface strain behavior to tensiadiag for specimen C2-V5: (a) Stress vs
interface strain graphic for the three chosen tmesses: 1.0, 2.5 and 5.0mm, and (b) Stress vs

interface gap4u)

Figure 5-7 presents the relationship betweeand the threes evolution during the ten-
sion test, for each chosen thickness (1, 2.5 anma)5mlogarithmic axis. From the graphic, it
can be observed that is approximately 20 times higher thanat the beginning of the test,
considering 1mm thickness curve. For 5Smm thickicesge, it is approximately 5 times higher.

At the peak ota, the ratio ranges from 1393 (5mm curve) to 673trtlcurve).

1.E+03
<_ ______________________
€4 (peak) =5-102
B 1E+02 |
g C2-V5, 19°C
:’: 1.E+01 4+ t=5mm — £ “t=lmm”
S / £ “t=2.5mm”
t=2.5mm t=1lmm — &g “t=Smm”
1.E+00 f f f f f
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

log &g (Mm/m)
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Figure 5-7. Relationship betweexn(bituminous mixture) and the; (interface) evolution
during the tension test, concerning the three ahtdsekness (1, 2.5 and 5mm)

During the first tension step on the test, a lineahavior was observed in the graphic
plotted in log scale. At this moment, both stramgease linearly along with the loading. Dur-
ing the creep stepa decreases ang increases as compensation to maintain still tbbad!
strain of the specimen. Finally, in the last tensstep on the test, a peakeafwas observed.
This point represents the moment when the bitunsnoixture ceased supporting the load,
which was fully concentrated in the interface levwm this point. This loading concentration
in the interface results in the total interfaceedetration, debonding the two layers of bitumi-

nous mixtures apart. This failure was observed thatype V specimens containing interfaces.

5.6. Verification of specimen’s diameter size effect
for specimens type V

In this section, results obtained from four speciméype V with a larger diameter
(136mm) are compared with the result obtained ffoan specimens type V with classical di-
ameter size (75mm) tested in the same conditiohs.geogrid in the specimens of 136mm
diameter contains 5 yarns on each direction, wisditgaone in the specimens of 75mm diam-
eter contains 3 yarns. Two tests were carried bd02C and 2%/min strain rate and two tests
were carried out at 19°C and 2%/min strain rates f@sults are divided into two: bituminous
mixture and interface. Figure 5-8 presents theltesbtained for the tests carried out at 40°C

and 2%/min strain rate, concerning: (a) bituminousture,ea, and (b) interfacequ.

0.05 0.05
40°C - C2-V4
0.04 + ~0.04 (75mm)
~ <
& % C1-V6
%,o 03 + <0.03 (75mm)
2 g — CI1-VL3
£0.02 - £0.02 (136mm)
N )
C1-VL2
0.01 - 0.01 (136mm)
Larger diameter Larger diameter
0.00 prgen, % | 0.00 9 ] |
0 500 1000 1500 2000 0 50 100 150

€, (Lm/m) Au (um)

(@) (b)
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Figure 5-8. Tension test carried out at 40°C andn@%in specimens type V with two
different diameters (75 and 136mm): (a) stresssvand (b) stress véu.

From the graphics presented in Figure 5-8, for boind4u, the same sequence of results
was observed. Specimens with larger diameter ptedémgher variation when compared with
the specimens with classical diameter, for thisriggemperature. The result indicates that the
variation is mainly due to the quality of the iritere bond and smaller differences encountered
in the specimens interface. It is impossible toghayo specimens with identical interfaces since
they were cored from different slab positions, ehtould slightly differ the amount of emul-
sion and geogrid on it. Moreover, at 40°C, minimeliation in the interface composition could
lead to high dispersion in the test results. Timsthese testing conditions, the diameter size
did not influence specimen performance. Figure@e&ents the results obtained for the tests

carried out at 19°C and 2%/min strain rate, conoegrr(a) bituminous mixture, denoted &by

and (b) interface, denoted by interface gap

1.5

._.
h

19°C 19°C — (2-Vl
. - (75mm)
§ 1.0 - Larger ‘- 1.0 + C2-V3
: ) a L (75mm)
ol diameter - ﬂ
2 2 ! — C2-VLI
= = (136mm)
wn
205 4 0.5 - C1-VL4
(136mm)
[ .
0.0 4 I oo Larger dllameter
0 500 1000 0.E+00 1.E+02 2.E+02
€, (nm/m) Au (um)
(a) (b)

Figure 5-9. Tension test carried out at 19°C andn@%in specimens type V with two
different diameters (75 and 136mm): (a) stresssvand (b) stress vsu.

From Figure 5-9, it can be observed that the reguisented less variation when compared

to the results obtained at 40°C, especially ab#wnning of the test, where the curves overlap.

Specimens with classical diameter needed morendtwaeach failure in the interface and pre-
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sented higher resistance to the loading. As wethagesults obtained at 40°C, the ones ob-
tained at 19°C were highly influenced by the qyatdit interface bond and smaller differences

encountered in the specimens interface.

5.7. Verification of time-Temperature superposi-

tion principle

5.7.1. Frequency sweep test results

In order to verify the TTSP in the non-linear aastic domain of behavior of bituminous
mixture, the pairs of temperature and strain rateawling are obtained using teefrom LVE
properties of the material. Classically, the WLFdmlo(cf. Eq. 2-8) is used after the calibration
of the coefficientsC; andC (already done in the last chapter). From the cemphodulus
tests, the same coefficieris andC, were obtained for all different configurationsrédgarding
to the coring direction as presented in Section®h@s,ar calculated using WLF equation and

the corresponding slow strain ratedy) are presented in Table 5-2.

Table 5-2. Slow strain ratésow) calculated usingr calculated from WLF model from LVE

properties
Tret (°C) T(°C) ar &slow (%0/min)
40 19 509 0.004
19 0 1015 0.002

However, for the work presented in this sectiodifferent method was conducted, which
resulted irar slightly different from those presented in Tabl2,%nd particular for each spec-
imen tested at slow strain rate. Before every tantast, a frequency sweep test was performed
to collect the LVE information at the exact tempera from the sample would be tested next.
Thus, the frequency sweep test result was plottewavith the 2S2P1D model curve obtained
from the coefficients calibration performed in tlast chapter, and the data was shifted to fit
one another. Thar was obtained for each specimen and the slow stagenwas calculated in
function of this value. Figure 5-10 presents thegjfrency sweep test results fitted over the
2S2P1D model curve for specimens from configurafidno interface), for both coring direc-
tions, V and H. Figure 5-10(a) presents the shiftath obtained at 19°C to fit the 2S2P1D
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curve afTrer Of 40°C. Figure 5-10(b) presents the shifted datained at 0°C to fit the 2S2P1D
curve atTrer Of 19°C. Figure 5-11 presents the same coupleagtgcs but concerning speci-
mens from configuration B (interface containingyoaulsion bitumen). Figure 5-12 for spec-
imens from configuration C (geogrid 100kN/m withw@sion bitumen). Figure 5-13 for speci-
mens from configuration D (geogrid 50kN/m with esiah bitumen). Figure 5-14 for speci-
mens from configuration E (geogrid 100kN/m with ésmn bitumen modified by SMS). Con-

cerning the specimens type V containing interftoe complex modulus of bituminous mixture
(E;, c.f. Section 5.3.3) was used for the shiftingbl€eb-3 presents ther obtained from fre-

guency sweep tests and the slow strain rate cééclfarm thosear and used in the tension
tests.

1.E+0¢ 1.E+0¢
T = 40°C
1.E+04 - 1.E+04 -
< <
o o
2 1.E+03- FTE T 2 1.E+03 -
e 0 A2-V1, 19°C, S ®
H B A3-HS, 19°C, S H
1.E+02 - O A3-H10, 19°C, S 1.E+02 -
1.E+01 T T T 1.E+01 T T T
1.E-03 1.E+00 1.E+03 1.E+06 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05
a-frequency (Hz) ar-frequency (Hz)
(@) (b)

Figure 5-10. Frequency sweep test shifted curvesdofiguration A (no interface): (a)
test results at 19°C shifted to fit the 2S2P1D euwnin et =40°C, and (b) test results at 0°C
shifted to fit the 2S2P1D curve &ts =19°C
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Figure 5-11. Frequency sweep test shifted curvesdofiguration B (interface contain-
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Figure 5-12. Frequency sweep test shifted curvesdofiguration C (geogrid 100kN/m
with emulsion bitumen): (a) test results at 19°@ted to fit the 2S2P1D curve dter =40°C,
and (b) test results at 0°C shifted to fit the 2H2Rurve afler =19°C
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Figure 5-13. Frequency sweep test shifted curvesdofiguration D (geogrid 50kN/m
with emulsion bitumen): (a) test results at 19°@ted to fit the 2S2P1D curve dter =40°C,
and (b) test results at 0°C shifted to fit the 2H2Rurve afler =19°C
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Figure 5-14. Frequency sweep test shifted curvesdofiguration E (geogrid 50kN/m
with emulsion bitumen modified by SBS): (a) testulés at 19°C shifted to fit the 2S2P1D
curve aftTref =40°C, and (b) test results at 0°C shifted tohiet 2S2P1D curve dter =19°C

Table 5-3. Slow strain ratésow) calculated usingr obtained from frequency sweep tests and

used for the tension tests

Specimen| Coring direction | T(°C) | Tref (°C) ar &slow (Y0/min)

A3-H5 450 0.005
19 40

A3-H10 _ 900 0.002

Horizontal

A3-H6 1900 0.001
0 19

A3-H9 1300 0.002
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AL-VS 1000 0.002
19 40

A2-V1 350 0.006

Vertical

AL-V7 2300 0.001
0 19

Ad-V2 725 0.003

B2-H1 200 0.005
19 40

B2-H4 250 0.004

Horizontal

B1-H3 1000 0.002
0 19

B3-H11 1500 0.001

B2-V8 1700 0.001
19 40

B2-V12 700 0.003

Vertical

B2-V11 1000 0.002
0 19

B2-V1d 2000 0.001

C2-H2 700 0.003
19 40

Ca-H1 200 0.005

Co-H4 Horizontal 600 0.003
0 19

C3-H2 1500 0.001

C2-V3 1700 0.001
19 40

C2-V6 1200 0.002

C2-V2 Vertical 740 0.003
0 19

C2-V7 2000 0.001

D2-H4 350 0.005
19 40

D3-H12 625 0.003

D1-H3 Horizontal 2000 0.001
0 19

D2-H6 1900 0.001

D2-V4 1300 0.002
19 40

D2-V7 500 0.004

D2-V5 Vertical 2000 0.001
0 19

D2-V9 2000 0.001

E2-H2 500 0.004
19 40

E3-H2 600 0.003

E2-H4 Horizontal 650 0.003
0 19

E2-H5 1600 0.001

E2-V6 19 20 650 0.003
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E2-V9 400 0.005
E2-V10 2000 0.001
5.7.2. Specimens type H

Figure 5-15(a) presents the stress vs strain graggmcerning configuration A (no inter-
face), type H, pair 40°C with fast strain rate &®31C with slow strain rate. Figure 5-15(b)
presents the strain vs equivalent tirtiar] plot (test loading input), usirg obtained from the
WLF model forTres of 40°C, previously presented in Table 5-2. Thit lgraphic when plotted
in function of equivalent time usirgy obtained from frequency sweep test results, dssalis
in the last section, results in an overlap of ther fcurves. Thus, it is possible to observe the
differences between the strain rate loading cabgetthe change in thar used in this work,
allowing a better interpretation of test results$s hoticed in Figure 5-15(a), from de beginning
of the test until the creep step, the results \ambr®st overlapped, which can be used to validate
the TTSP for this configuration and testing comuatitiAfter the creep, the curves separated and
took different behaviors, especially afteri®@/m. However, after this strain level, the strain
homogeneity throughout the specimen was not assurédbcal effects were no more negligi-
ble.

0.25 — Al-H2, T, 40°C, F (2%/min)
_ A3-H5, T, 19°C, S (0.005%/min)
020 R — A3-H11, T, 40°C, F (2%/min)
§ A3-H10, T, 19°C, S (0.003%/min)
2 0.15 4 E+04
& = Toee = 40°C /
0.10 E 3.E+04 +
8 2E+04 1
0.05 =
0.00 - | 1.E+04 +
0.0E+00 1.5E+03 )
0.00 - T T T L
0.0E+00 1.0E+04 2.0E+04 3.0E+04 0.E+00 % ' '
0 50 100 150
Strain (pm/m) Equivalent Time (s)

(@) (b)

- 180 -



TENSION TEST CAMPAIGN

Figure 5-15. Tension test results concerning coméiion A, type H, pair 40°C with fast
strain rate and 19°C with slow strain rate: (a@sdrvs strain, and (b) strain vs equivalent time

(test loading input)

Figure 5-16Figure 5-15 presents the same set phgras previously presented, configu-
ration A (no interface), type H specimens, but @ning the pair 19°C with fast strain rate and
0°C with slow strain rate, at this time. The resuéisted at 19°C and 2%/min along with the
specimen A3-H9 tested at 0°C and 0.002%/min presdesitnilar curves. However, the A3-H6
tested at 0°C and 0.001%/min presented a curvitlsligelow the other curves, which do not
invalidate the TTSP for this pair of testing cormahs. Moreover, Figure 5-16(b) indicates that
the strain input chosen is slower (lower strair)ahan it should be in order to obtain over-
lapped stress vs strain curves. An increase istthe rate loading for the mentioned test result
would increase the stiffness of the specimen yagi@ climbing in the stress vs strain curves.
This indicates tha&r definition aiming at validating the TTSP for nandar and plastic do-
mains should be done based on WLF modelling, sasneeegormed by Di Benedetto et al.
(2008), Nguyen et al. (2009), and Gayte (2016).

3.00 — A3-H4, T, 19°C, F (2%/min)
A3-H6, T, 0°C, S (0.001%/min)
250 1 — A3-H7, T, 19°C, F (2%/min)
§ A3-H9, T, 0°C, S (0.002%/min)
& 2.00 A
2 2 E+04
@ 1.50 - o~ hei=130
g
1.00 S
2 LE+04 +
| =
050 4 | 7
0.00 - | : . o 5
0.0E+00 2.0E+03 4.0E+03 6.0E+03 8.0E+03  O0-EF00 - ‘
. 0 50 100
Strain (um/m) Equivalent Time (s)
(@) (b)

Figure 5-16. Tension test results concerning comnéition A, type H, pair 19°C with fast
strain rate and 0°C with slow strain rate: (a)ssres strain, and (b) strain vs equivalent time

(test loading input)
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Figure 5-17(a) presents the stress vs train refltsonfiguration B (interface with only
emulsion), type H specimens, pair 40°C with fastistrate and 19°C with slow strain rate.
Curves overlapped despite the presence of intenfattee specimen, validating the TTSP for
these testing conditions. Figure 5-17(b) evideribesdifficulties in strain controlling during
test. From the point that the specimen reachesmgoriant value of strain (higher than
10%°um/m), the lack of loading homogeneity in the spesins evidenced by the pair of exten-
someterd, (90mm) on its measures. Furthermore, Figure 5)1aldw explains the smaller re-
sistance of B2-H2 observed in relation to the otleve results in Figure 5-17(a) since its strain
rate was lower than it should be in order to pregsstress vs strain curve closer to the others.

Figure 5-18(a) presents the stress vs train refltsonfiguration B, type H specimens,
pair 19°C with fast strain rate and 0°C with slawam rate. Regarding specimen B3-H11, its
low stress level could be explained in Figure 5B} 8¢aused by the low strain rate tested in the
specimen. However, a premature failure occurrespecimen B1-H3, immediately after the
creep step, and located in the top of the specimeanto the glued cap. The same problem was
already reported in Gayte (2016) for tests at lemperatures. The condensation observed in
the specimen tested at 0°C could have weakenespt#®@men, especially near to the top and
bottom of it, which was also affected by the glsedito bond it onto the caps. However, the

stress vs strain curves was tolerably close talatdithe TTSP (c.f. Figure 5-18(a)).

0.20 = BI-HI, T, 40°C, F (2%/min)
0.18 + aipadehe B2-H1, T, 19°C, S (0.005%/min)
0.16 L 5 M | — B2-H2, T, 40°C, F (2%/min)
= ) Z B2-H4, T, 19°C, S (0.005%/min)
0.14 + £
012 + 4 E+04
£0.10 + — Trer = 40°C
A g 3.E+04 +
0.08 + g
0.06 + 0.05 = 1
/t P 5 2.E+04
0.04 /| ~ &
Tl 0.00 | 1.E+04 +
| 0.0E+00 1.0E+03 2.0E+03
0.00 - t t } B |
0.E+00 - f
0.0E+00 5.0E+03 1.0E+04 1.5E+04 2.0E+04 0 50 100
Strain (Mm/m) Equivalent Time (s)
() (b)

Figure 5-17. Tension test results concerning coméiion B, type H, pair 40°C with fast
strain rate and 19°C with slow strain rate: (a@sdrvs strain, and (b) strain vs equivalent time

(test loading input)
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2.5 , — BI-H2, T, 19°C, F (2%/min)
Premature failure (B1-H3) BI-H3. T 0°C. S (0.002%/min)
2.0 + — B2-H3, T, 19°C, F (2%/min)

B3-H11, T, 0°C, S (0.001%/min)

Stress (MPa)
n
—b‘"“‘:n-:

3.E+04
|
Il 20 -
10 4 1 4 2
0 /‘ & 2E+04 + Premature
1.0 + / l = failure
1 : 8 B1-H3
0.5 : £ LE+04 ( )
0.0 - : !
00 0.0E+00 7.5E+02 1.5E+03 | l
0.0E+00 5.0E+03 1.0E+04 1.5E+04 2.0E+04 SE00 0 5=0 100
Strain (Mm/m) Equivalent Time (s)
(a) (b)

Figure 5-18. Tension test results concerning coméiion B, type H, pair 19°C with fast
strain rate and 0°C with slow strain rate: (a)ssres strain, and (b) strain vs equivalent time

(test loading input)

Figure 5-19(a) presents the stress vs strain sefarlthe first reinforced configuration: C
(geogrid 100kN/m and emulsion bitumen), type H 8peas, pair 40°C with fast strain rate
and 19°C with slow strain rate. Moreover, a linesypéotted with the results representing the
linear response in the characterization of thetieldghavior of the geogrid of 100kN/m, as-
suming it is the only element supporting the loadrdy the test. The higher variation between
the results was obtained due to the greater hetagity in the specimens, especially from strain
level higher than 0.5- #@m/m, which occurred in the final tension step fr@msting. This var-
iation can be also noticed in Figure 5-19(b) dué¢hm increase of local effects, from which
distance the values measured in the pair of exiteesod> (90mm) from those measured (con-
trolled as test loading input) in the pair of exdemeterd; (25mm) during the test. However,
despite the higher variation obtained in test tssthe curves were tolerably close to validating
the TTSP for this configuration and test conditidagrthermore, the behavior of the curves in
the first tension step, by presenting the sameestdmeogrid linear relation could indicate a
geogrid mobilization at the beginning of the té&twever, after the creep step, the positioning
of the curves below the geogrid line indicates thatgeogrid is not mobilized after that point.
Given the high temperature and low strain rate@atling, the bitumen present in the emulsion

used to bond the geogrid in the interface couldgme high viscous properties, causing the
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geogrid slippage phenomenon within the interfacenduhe test. Thus, this test is not able to
measure the geogrid contribution to the tensiopastpn bituminous mixtures.

Figure 5-20 presents the set of graphics for thefaeed configuration C (geogrid
100kN/m and emulsion bitumen), type H specimens, 32 C with fast strain rate and 0°C
with slow strain rate. Likewise the previous pditt@sting conditions, a higher variation be-
tween curves was observed. However, the curves tolbly close to validating the TTSP
for this configuration and test conditions. In tlesse, comparing the geogrid line with the
curves in Figure 5-20(a), there is a greater pdigibf geogrid mobilization during the test.
However, it does not have significant influencetlom tensile strength due to the elevated stiff-
ness of the bituminous mixture at these combinatartesting conditions.

= CI1-HI, T, 40°C, F (2%/min)

ass . C2-H2, T, 19°C, S (0.003%/min)
— C3-H3, T, 40°C, F (2%/min)
0.20 C4-H1, T, 19°C, S (0.005%/min)
= Geogrid only (100kN/m)
<
% 0.15 4FE+04
P T, = 40°C
= T 3E+04 +
% 0.10 s
3
Geogrid 0.05 5 2E+04 +
0.05 - only g
0.00 - 1.E+04 +
0.0E+00 1.2E+03
0.00 ~ f f f =
0.E+00 f
0.0E+00 5.0E+03 1.0E+04 1.5E+04 2.0E+04 0 50 100
Strain (pm/m) Equivalent Time (s)
(a) (b)

Figure 5-19. Tension test results concerning coméiion C, type H, pair 40°C with fast
strain rate and 19°C with slow strain rate: (a@sdrvs strain, and (b) strain vs equivalent time

(test loading input)
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== (C2-H3, T, 19°C, F (2%/min)
C2-H4, T, 0°C, S (0.003%/min)

2.50
— C3-H1, T, 19°C, F (2%/min)
C3-H2, T, 0°C, S (0.001%/min)
2.00 + = Geogrid only (100kN/m)

1.4E+04

Tps = 19°C

Stress (MPa)
tn
o

—
(=4
o
|
T

Strain (pm/m)

: ‘ Geogrid only 7.0E+03
0.50 /
0'(())001:_l+00 2 01£+o3 4 0£+o3 60E+03  O-OEF00 - I }
; : _ : : 0 20 40 60
Strain (um/m) Equivalent Time (s)
() (b)

Figure 5-20. Tension test results concerning comdiion C, type H, pair 19°C with fast
strain rate and 0°C with slow strain rate: (a)sgres strain, and (b) strain vs equivalent time

(test loading input)

Figure 5-21 presents the set of graphics for thers&reinforced configuration: D (geogrid
50kN/m and emulsion bitumen), type H specimeng, $@iC with fast strain rate and 19°C
with slow strain rate. The variation between cumeserved is higher than the one obtained for
configuration C at the same testing conditions1&pm/m, just before the creep step, the less
stiff specimen (D2-H3) presented approximately MB@& of stress, whereas the stiffest speci-
men (D3-H12) presented approximately 0.1MPa ofsstfe.f. Figure 5-21(a)). However, the
two specimens tested at the exact same conditizidi@ and D3-H11, at 40°C and 2%/min)
presented similar variation between curves. Thus mostly related to the heterogeneity of the
specimen rather than to the TTSP discordance. é&umtbre, the same remark previously done
about the difficulties to control the strain wasaeggobserved in Figure 5-21(b). Finally, the
slope observed in the first tension step was agjanilar to the slope of the geogrid line, ob-
tained for 50kN/m geogrid, which could be indicatiof geogrid mobilization. However, as
well as obtained for configuration C, in the thatép of the test the curves were placed below
the geogrid line, indicating a non-mobilizationtbé geogrid, possibly due to the slippage in
the interface.

Figure 5-22 presents the set of graphics for thefaeed configuration D (geogrid

50kN/m and emulsion bitumen), type H specimens, }&#fiC with fast strain rate and 0°C with
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slow strain rate. From Figure 5-22(a), a very laaviation between the curves was observed,
which validates the TTSP for this configuration &est conditions. However, the same problem
of premature failure reported in specimen B1-H3uoed in the two tests carried out at 0°C.
Regarding the comparison between the geogrid litie tve curves in Figure 5-22(a), even if
the geogrid is fully mobilized during the test, tbentribution of the geogrid in the loading

support is negligible given the specimen stiffnaisthis test conditions.

== D2-H3, T, 40°C, F (2%/min)

R D2-H4, T, 19°C, S (0.005%/min)
— D3-HI11, T, 40°C, F (2%/min)
0.20 D3-HI12, T, 19°C, S (0.003%/min)
- Geogrid only (50kN/m)
=
% 0.15 4 E+04
2 Toer = 40°C
2 F3E+04 1
“0.10 =
=
g 2EH04 ¢
0.05 “ &
¥ Geogridgoo - ; i LE+04 +
only 0.E+00 5.E+02 1.E+03 )
0.00 - : : : ——— |
0.0E+00 5.0E+03 1.0E+04 1.5E+04 2.0E+04 0 50 100
Strain (um/m) Equivalent Time (s)
(a) (b)

Figure 5-21. Tension test results concerning coméition D, type H, pair 40°C with fast
strain rate and 19°C with slow strain rate: (a@sdrvs strain, and (b) strain vs equivalent time

(test loading input)
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25
Premature failures
20 +
<
S 5]
2
]
210 + i
Geogrid only
0.5 + ‘ /

00 1 T I } T

0.0E+00 1.0E+03 2.0E+03 3.0E+03 4.0E+03 5.0E+03
Strain (pum/m)
(@)

== DI1-HI, T, 19°C, F (2%/min)
D1-H3, T, 0°C, S (0.001%/min)
— D2-H5, T, 19°C, F (2%/min)
D2-H6, T, 0°C, S (0.001%/min)
== Geogrid only (100kN/m)

1.LE+04

o
i
e
o
w

6.E+03 +

S 4E+03 +

Strain (pm/m)

2.E+03 -

0.E+00 - } f
0 20 40
Equivalent Time (s)

(b)

Figure 5-22. Tension test results concerning caméiion D, type H, pair 19°C with fast
strain rate and 0°C with slow strain rate: (a)sgres strain, and (b) strain vs equivalent time

(test loading input)

Lastly, Figure 5-23 presents the set of graphicshfe reinforced configuration E (geogrid
100kN/m and emulsion modified by SMS), type H spems, pair 40°C with fast strain rate
and 19°C with slow strain rate. Afterward, Figur24 which presents the set of graphics for

the reinforced configuration E, type H specimerast p9°C with fast strain rate and 0°C with

slow strain rate. In both test conditions, low a&Han between curves was observed, and the
TTSP was validated. Moreover, the slope observetiarfirst tension step in Figure 5-23(a)

was similar to the slope of the geogrid line areldbrves were below the geogrid line after the

creep step, same as configurations C and D. The sanrclusions can be made as the men-

tioned configurations regarding the geogrid moktian. Finally, one more time, the same con-
clusion can be made as the mentioned configuratiegerding the negligible contribution of

the geogrid in the loading support observed fotst@9°C with fast strain rate and 0°C with

slow strain rate.
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E1-H3, T, 40°C, F (2%/min)

0.25 — E2-H2, T, 19°C, S (0.004%/min)
- E3-H3, T, 40°C, F (2%/min)
0.20 4 E3-H2, T, 19°C, S (0.003%/min)
- Geogrid only (100kN/m)
<
S 015 1 4 E+04
2 T, = 40°C
2 B 3E+04 T
@ 0.10 + =
_ 0.05 =2
If g 2E+04 +
0.05 - Geogrid g
| only 0.00 - : 1.E+04 +
0.0E+00 1.5E+03
0.00 1 T T T 0.E+00 e :
0.0E+00 5.0E+03 1.0E+04 1.5E+04 2.0E+04 0 50 100
Strain (um/m) Equivalent Time (s)
(a) (b)

Figure 5-23. Tension test results concerning coméiion E, type H, pair 40°C with fast
strain rate and 19°C with slow strain rate: (a@sdrvs strain, and (b) strain vs equivalent time

at (test loading input)

E1-H2, T, 19°C, F (2%/min)

25 - E2-H4, T, 0°C, S (0.003%/min)
- E2-H3, T, 19°C, F (2%/min)
20 E2-HS, T, 0°C, S (0.001%/min)
= Geogrid only (100kN/m)
<
% 1.5 1.E+04
2 Toer = 19°C
8 6 8.E+03
“ 18 =
é 6.E+03 +
0.5 £ 4E+03 +
2
| __/__/_—————-'—_/ 2.E+03 + /
0.0 : ! | : 0E+00 - : {
0.0E+00 1.0E+03 2.0E+03 3.0E+03 4.0E+03 5.0E+03 0 20 40
Strain (um/m) Equivalent Time (s)
(a) (b)

Figure 5-24. Tension test results concerning coméiion E, type H, pair 19°C with fast
strain rate and 0°C with slow strain rate: (a)sgres strain, and (b) strain vs equivalent time

(test loading input)
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5.7.3. Specimens type V

In this section, the results obtained concerniregspens vertically cored V (perpendicu-
larly cored in relation to the slab compaction dii@n) are presented. The results concerning
specimens A are similar to those presented indastion since they are composed of only
bituminous mixtures without interface. However, thsults concerning the other four config-
urations are divided into two parts: bituminous migs ¢») and interface gap1().

Figure 5-25(a) presents the stress vs strain graggmcerning configuration A (no inter-
face), type V, pair 40°C with fast strain rate &8fC with slow strain rate. Figure 5-25(b)
presents the strain in function of equivalent tiftiar) usingar from WLF model forTres Of
40°C. For the type V specimen presented in this@edhe equivalent time was obtained using
ar from WLF model, the same procedure as presentésirsection. From Figure 5-25(a), a
very important variation between curves was obskrespecially after the creep step of the
test. However, these specimens presented hetemgedsstributions of air voids in relation to
the type H specimens. Those specimens presentrlaghe@ids in its top and bottom, in relation
to the central part. This occurred because thelsdghl50mm of height and the specimen has
140mm height, thus, only 5mm from top and bottomengawn of each specimen. A minimum
of 30mm distance away from the slab boundariesldhimeitaken in order to avoid edges het-
erogeneity. However, it was physically impossildetlype V specimens.

Figure 5-26 presents the same set of graphicsquir&i5-25, but for the pair 19°C with
fast strain rate and 0°C with slow strain rate, gnedequivalent time foFer of 19°C. A smaller
variation was observed between curves, and the TW&Pvalidated for this configuration and

testing conditions.
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0.25 — Al-V4, T, 40°C, F (2%/min)
— Al-V8, T, 19°C, S (0.002%/min)
— Al-V11, T, 40°C, F (2%/min)
0.20 1 A2-V1, T, 19°C, S (0.006%/min)
g
] 2 E+04
:0 15 - Tees =40°C
& =
& E
%0.10 - g
/ : . 8 1E+04 +
0.05 / / %
‘\ 0.00 1 1
0.0E+00 1.5E+03 Ll
0.00 ~ ' ! ! 0.E+00 ~F———+—
0.0E+00 5.OE+03 LOE+04 1SE+04 2.0E+04 0 20 40 60 80
Strain (pm/m) Equivalent Time (s)
(a) (b)

Figure 5-25. Tension test results concerning comdition A, type V, pair 40°C with fast
strain rate and 19°C with slow strain rate: (e@sdrvs strain, and (b) strain vs equivalent (test

loading input)

2.50 — A1-V9, T, 19°C, F (2%/min)
— Al-V7, T, 0°C, S (0.001%/min)
200 4 — A4-V1, T, 19°C, F (2%/min)
A4-V2, T, 0°C, S (0.003%/min)
s
S 150 - 6.E+03
@ 1.00 1/ 5 4E+03 -
/ 1
“J &
1 g =]
0.50 ¢ @ 2 E+03
0.00 - : 0.E+00
0.0E+00 2.5E+03 5.0E+03 0 10 20 30 40
Strain (um/m) Equivalent Time (s)
(a) (b)

Figure 5-26. Tension test results concerning caomdition A, type V, pair 19°C with fast
strain rate and 0°C with slow strain rate: (a)sgres strain, and (b) strain vs equivalent time

(test loading input)

Figure 5-27 presents the tension results for condiion B (interface with emulsion bitu-

men), type V, pair 40°C with fast strain rate af®d@ with slow strain rate. Figure 5-27(a)
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presents the stress vs straix) Curves for bituminous mixture, (b) vs equivalent time fOFref
of 40°C, (c) stress vs interface gafu) curves, and (d)u vs equivalent time fofrer of 40°C.
High variation between curves was observed in éselts for both, bituminous mixtures
and interfaces. However, for the specimen type Maiaing interface, the interface bond qual-
ity is the most responsible in the load supportngng tension test. As discussed in Section
5.5.2.2, the most part of the strain is concendratethe interface level. When it deteriorates,
the amount of strain in the bituminous mixture éases, being concentrated only in the inter-
face. Thus, the tension tests carried out in typgp¥cimens are inconclusive regarding the
validation of TTSP for bituminous mixtures. Furtimare, the interface behavior is unpredict-
able, which makes impossible to control the strata on it, in order to verify the TTSP for the

interface (c.f. Figure 5-27(d)). On the other hahd,tension test are useful to rank the interface

bond quality of different specimens.

= B2-V5, T, 40°C, F (2%/min) — B2-V13, T, 40°C, F (2%/min)
B2-V8, T, 19°C, S (0.001%/min) B2-V12, T, 19°C, S (0.003%/min)
0.14 1.E+04
0.12 ~ 8E+03 +
= 0.10 &
S 0.08 5 6E+03 1
= <
% 0.06 ‘ 7 w 4E+03 + ¥ = -
& 0.04 A .
8 E+H T '
0.02 H U 77| Te=40°C
0.00 ~ I I 0.E+00 +—— . .
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Figure 5-27. Tension test results concerning coméition B, type V, pair 40°C with fast
strain rate and 19°C with slow strain rate: (a@sdrvsa, (b) ¢a vs equivalent time (test load-
ing input), (c) stress w$u, and (d)}1u vs equivalent time (interface rate of loading)

Figure 5-28 presents the tension results for condiion B (interface with emulsion bitu-
men), type V, pair 19°C with fast strain rate afi@ @vith slow strain rate. Figure 5-28(a) pre-
sents the stress vs strain)(curves for bituminous mixture, (b} vs equivalent time fofer Of
19°C, (c) stress vs interface gafu) curves, and (dYu vs equivalent time fofes of 19°C.

From the beginning of the test until of 40Qum/m, the curves were overlapped in Figure
5-28(a), and B2-V14 should have been tested aglaehistrain loading in order to yield the
same result. It occurs because the bitumen ste#firegeased at lower temperatures and the
ratio ec/ea was not as big as the one obtained at higher teriyves. This result indicates that
the TTSP could be validated only for small strawels, characteristic of the beginning of the
test, for this configuration and testing conditio@®ncerning interface gap results, comparing
the two test conducted at the same test condi({idasv6 and B2-V10), similar results were
obtained since they had similar interface loadiagditions (c.f. Figure 5-28(d)). This result
indicates that no significant difference concerrtimgbond quality in these two specimens was
verified. Finally, the results obtained at O°C ifatlerface presented less tensile strength in rela-
tion to those at 19°C. The specimen condensatialddze responsible for this decrease in the

interface resistance.
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Figure 5-28. Tension test results concerning caméiion B, type V, pair 19°C with fast
strain rate and 0°C with slow strain rate: (a)sgresea, (b) ea vs equivalent time (test loading

input), (c) stress vdu, and (d)1u vs equivalent time (interface rate of loading)

Figure 5-29 presents the results for first reinddrconfiguration C (geogrid 100kN/m and
emulsion bitumen), type V, pair 40°C with fast stnate and 19°C with slow strain rate. Figure
5-29(a) presents the stress vs straipdqurves for bituminous mixture, (b) vs equivalent time
for Trer 0f 40°C, (C) stress vs interface gafu) curves, and (d)u vs equivalent time foFef Of
40°C.

Unlike the configuration B, low variation betweemrees was obtained for both, bitumi-
nous mixtures and interfaces. This result coulcelmcurred due to the higher amount of emul-

sion present in the interface, 800g/mz2 instea®0f2n? of residual bitumen. Thus, the viscous
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properties present in the interface due to thislioation of temperature and strain rate, a duc-
tile failure occurred for all analyzed interfacémally, for this configuration and testing con-
ditions, the TTSP was validated.

— C1-V6, T, 40°C, F (2%/min) — C2-V4, T, 40°C, F (2%/min)
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Figure 5-29. Tension test results concerning caométjon C, type V, pair 40°C with fast
strain rate and 19°C with slow strain rate: (a@sdrvs:a, (b) ¢a vs equivalent time (test load-

ing input), (c) stress w$u, and (d)1u vs equivalent time (interface rate of loading)

Figure 5-30 presents the results for reinforcedfigaration C (geogrid 100kN/m and
emulsion bitumen), type V, pair 19°C with fast stnate and 0°C with slow strain rate. Figure
5-30(a) presents the stress vs straipdqurves for bituminous mixture, (b) vs equivalent time

for Trer of 19°C, (c) stress vs interface gafu) curves, and (dJu vs equivalent time foFrer of
19°C.
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The results were very similar than those obtaieaddnfiguration B at same testing con-
ditions. Once again the interfaces tested at 0&Sgmted less tensile strength then those tested

at 19°C. Finally, the curves overlapped onlysat 12Qum/m.

— (C2-V1, T, 19°C, F (2%/min) — C2-V5, T, 19°C, F (2%/min)
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Figure 5-30. Tension test results concerning coméiion C, type V, pair 19°C with fast
strain rate and 0°C with slow strain rate: (a)sgresea, (b) ea vs equivalent time (test loading

input), (c) stress vdu, and (d)1u vs equivalent time (interface rate of loading)

Figure 5-31 presents the results for reinforcedigaration D (geogrid 50kN/m and emul-
sion bitumen), type V, pair 40°C with fast straater and 19°C with slow strain rate. Figure
5-31(a) presents the stress vs straipdqurves for bituminous mixture, (b) vs equivalent time
for Trer 0f 40°C, (C) stress vs interface gafu) curves, and (d)u vs equivalent time foFef Of
40°C. Similar behavior as configuration C at saosling conditions was obtained in terms of

variation between curves for bituminous mixtured exterfaces. In addition, the same order of
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magnitude of stress was obtained. Moreover, thePTUa@idation was tolerably acceptable for
this configuration and test results.

Likewise, Figure 5-32 presents the results forfoesed configuration D (geogrid 50kN/m
and emulsion bitumen), type V, pair 19°C with fagtin rate and 0°C with slow strain rate.
Figure 5-32(a) presents the stress vs stea)nc(rves for bituminous mixture, (b) vs equiv-
alent time forTes of 19°C, (C) stress vs interface gaf) curves, and (dJu vs equivalent time
for Trer Of 19°C. Once again, similar behavior as configaraC was obtained. On the other
hand, an overlaps in Figure 5-32(a) was only okthiatsa < 12Qum/m. Finally, D2-V8 pre-
sented the highest tensile strength between thedt@sterfaces, evidencing the high variation

between the bond qualities of different specimeitls ame interface constitution.
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Figure 5-31. Tension test results concerning caoméiion D , type V, pair 40°C with fast
strain rate and 19°C with slow strain rate: (a@sdrvsa, (b) ca vs equivalent time (test load-

ing input), (c) stress w$u, and (d)1u vs equivalent time (interface rate of loading)
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Figure 5-32. Tension test results concerning caméiion D, type V, pair 19°C with fast
strain rate and 0°C with slow strain rate: (a)sgresea, (b) ea vs equivalent time (test loading

input), (c) stress vdu, and (d)1u vs equivalent time (interface rate of loading)

Figure 5-33 presents the results for the last oetefd configuration: E (geogrid 100kN/m
and emulsion modified by SMS), type V, pair 40°Ghafiast strain rate and 19°C with slow
strain rate. Figure 5-31(a) presents the strestras ¢a) curves for bituminous mixture, (b)
ea VS equivalent time follrer of 40°C, () stress vs interface gafu) curves, and (d)Yu vs
equivalent time foffref of 40°C. For this test conditions, the validatadilr TSP was inconclu-
sive and a high vatiation between curves of bitwag'mixtures and interfaces was observed,
one more time.

Finally, Figure 5-34 presents the results for i@ioéd configuration E, type V, pair 40°C
with fast strain rate and 19°C with slow strairerdtigure 5-31(a) presents the stress vs strain
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(ea) curves for bituminous mixture, (b) vs equivalent time fofrer of 19°C, (c) stress vs in-
terface gapAu) curves, and (d)iu vs equivalent time fofres of 19°C. Similarly to the rein-
forced specimens, the validation of TTSP was inkiee.
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Figure 5-33. Tension test results concerning camétion E, type V, pair 40°C with fast
strain rate and 19°C with slow strain rate: (ag@sdrvsa, (b)ea vs equivalent time (test load-

ing input), (c) stress w$u, and (d)1u vs equivalent time (interface rate of loading)
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Figure 5-34. Tension test results concerning coméiion E, type V, pair 19°C with fast
strain rate and 0°C with slow strain rate: (a)sgresea, (b) ea vs equivalent time (test loading

input), (c) stress vdu, and (d)1u vs equivalent time (interface rate of loading)

5.8. Fiberglass geogrid contribution to the maxi-
mum tensile strength of bituminous mixture

In order to assess the fiberglass geogrid contabubh the maximum tensile strength in a
reinforced specimen (type H), an analysis of peaktp, as the one illustrated in Figure 5-4(c),
was performed for all specimens, unreinforced anaforced. Figure 5-35 presents the results
for the pair 40°C with fast strain rate and 19°Ghwslow strain rate, (agpeakand (b)epea
According to Figure 5-35(a), configuration A (nddrface) and C (100kN/m with emulsion
bitumen) presented the higher maximum tensile gtreand configuration B (interface emul-

sion) presented the lowest. Concerning the reiefboonfigurations D (50kN/m with emulsion
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bitumen) and E (L00kN/m with emulsion bitumen miadifoy SBS), very close values were
obtained. The configuration containing modifiedubien presented slightly lower than the
other did, measured by their averages. The reisulisate that the presence of interface weak-
ened the specimen at this test condition. In amlditihe results presented in Section 5.7.2 sug-
gest that the geogrid was not mobilized during rti@ment of the test when the peak point
occurs. Regardingseakpresented in Figure 5-35(b), the inverse was oBseiConfiguration A

presented the lowest strain value at the peak psireas configuration E presented the high-
est.
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Figure 5-35. Peak points obtained from the tengsts results plotted in stress vs strain,
concerning the pair 40°C with fast strain rate 488C with slow strain rate, type H speci-

men: (a) maximum tensile strengthda) and (b)epeax
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Figure 5-36 presents the results for the pair 18f§ fast strain rate and 0°C with slow
strain rate, (ajpeakand (b)epeak According to Figure 5-36(a), the configuratiorfr® interface)
presented the higher maximum tensile strengthigteisting condition. All the other configu-
rations (B, C, D and E) presented the same avemigesximum tensile strength (2.0MPa),
slightly lower the one obtained for configuration(22MPa). Configuration D only contains
three results because occurred premature failuteeifourth specimen. For this test condition,
the interface weakened the specimen, decreasingpixgmum tensile strength, one more time.
However, in this case, the presence and type of¢logrid, as well as the amount and type of
emulsion do not influence this performance paramd&egarding Figure 5-36(b), the rein-
forced configurations presented higher strain v@htepeak points, especially the configuration
E.
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Figure 5-36. Peak points obtained from the tengsts results plotted in stress vs strain,
concerning the pair 19°C with fast strain rate @h@d with slow strain rate, type H specimen:
(a) tensile strengthyfeay and (b)epeax

However, the slow strain rates were very differgrtich could lead to errors on analysis.
Thus, another analysis of peak points was perforexetliding the points obtained from slow
strain rate tests, presented in Figure 5-37.
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Figure 5-37. Maximum tensile strengthday of type H specimens tested at 40°C and
19°C and at 2%/min

From Figure 5-37, concerning the tests at 40°C2%0(min, once again configuration A

presented the highest maximum tensile strengttcanfiguration B the lowest. Regarding the
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reinforced configurations, C and D presented simgaults, slightly superior than the config-

uration E. These results indicate that the typenofilsion has more influence than the type of
geogrid. Regarding the tests at 19°C and 2%/minge @ygain configuration A presented the
highest maximum tensile strength. However, conogrthe other configurations, a difference

between the results was observed. ConfiguratioasBC presented again similar results, but
higher than D and E. Configuration E presentedratiea lowest maximum tensile strength.

5.9. Effect of fiberglass geogrid on maximum inter-
face tensile strength

Another peak point analysis can be performed irsffezimens type V in order to assess
the interface maximum tensile strength to tensoaing. Figure 5-38 presents the results for
the couple 40°C fast and 19°C slow strain rategda)and (b)Aupeak The results for configu-
ration A are presented in Figure 5-38(a) for congoer purposes only since the mentioned
configuration does not have interface on its speosnconstitution. Regarding the configura-
tions containing interfaces, B presented the higimtsrface resistance (average of 0.1MPa),
which was the half of resistance obtained for gpnation A (average of 0.2MPa). Comparing
the A type V with the A type H previously done, itheverages were similar. Regarding the
reinforced configuration, E (L00kN/m with emulsibitumen modified by SBS) presented the
highest, followed by D (50kN/m with emulsion bitumend C (100kN/m with emulsion bitu-
men). The SBS present in the emulsion in the iaterof configuration E increases the bond
quality, which explains the increase in the integfatrength. Configuration B presented ap-
proximately 1.67 times higher strength than E,dbeond highest. Comparing with configura-
tion D, which contains the same type of emulsicentiB, this ratio increases to 2.5 times.
However, the interface strength should be infludrioeits real thickness. The reinforced spec-
imens’ interface presents 2.76 times more emul&iesides the geogrid presence, compared to
the unreinforced one. Thus, the reinforced specameterface is at least three times thicker,
which could explain its lower maximum tensile stjgrs. Moreover, a decrease in the effective
bonding surface and the decrease in the indentafitime two granular layers one another is
caused due to the geogrid presence, could resiohiver maximum tensile strength. From Fig-
ure 5-38(b) using averages comparison, configurdfipresented the highest interface gap at
the peak, even greater than configuration B. Rmalbnfiguration C presented the lowest in-

terface gap.
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Figure 5-38. Peak points obtained from the tentasts results plotted in stress vs strain,
concerning the pair 40°C with fast strain rate 488C with slow strain rate, type V speci-

men: (a) maximum tensile strengthda) and (b)1upeax

Figure 5-39 presents the results for the pair 18f@ fast strain rate and 0°C with slow
strain rate, (aypeakand (b)Aupeaxk One more time, the configuration A (no interfacegults
were plotted for comparison purposes. Once againfjguration B presented the highest max-
imum tensile strength in the interface than thefeeced configurations. The same explanation
for 40°C fast and 19°C slow is valid for 19°C fastd 0°C slow. Regarding the reinforced
specimens, the averages of configuration C and 2 e same (0.9MPa) and slightly higher

than the average of results of configuration ENR@) for this testing conditions. This result
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indicate that the bitumen modified by SBS presésgs sensitivity to temperature and/or load-
ing rate variation when compared to the bitumermeut modification presented in configura-
tions B, C and D. Regarding tAepeak presented in Figure 5-39(b), configuration E pnése

again the highest average value for this testimglitions. Moreover, configuration C presented

again the lowesAupeakaverage value.
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Figure 5-39. Peak points obtained from the tengsts results plotted in stress vs strain, con-
cerning the pair 19°C with fast strain rate and @it slow strain rate, type V specimen: (a)

maximum tensile strengtlagea) and (b)4upeax
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One more time, another analysis of peak points peaformed excluding the points ob-
tained from slow strain rate tests and is presemédgure 5-40. For both, 40°C and 19°C at

2%/min, the ranking obtained in Figure 5-38(a) &iglre 5-39(a), respectively, was the same.

2.0 0.12
A
A A | 010 A B (Only Interface)
1.5
~ 0.08 _
§ ! = @ C(100kN/m)
o+
2 10 ® 0.06%
H M % [ D (50kN/m)
c O o |00
0.5 + ¢ 4 E (100kN/m and SBS)
0.02
0.0 1 T 0.00

19°C 40°C 40°C

Figure 5-40. Interface tensile strengtbefy of type V specimens tested at 40°C and
19°C and at 2%/min

5.10. Chapter conclusions

This chapter presented the tension experimentapagym of the five studied slab config-
urations. Monotonic tension with creep loading teste carried out in specimens cored in two
different directions, called type V and H. In adulit an interface analysis method was proposed
to measure amount of strain concentrated in tlegfadde and evaluate the interface bond quality

of the specimens type V. Therefore, some concluséonbe drawn:

* The interface analysis methodology based on thepoesented for the complex
modulus test was successfully used to measureaih sh the interface level. This
method was capable of characterize the interfabawer to the tension tests.

* During the tension tests carried out in type V speas containing interface (rein-
forced or not), the interface was the most resjd@$o the load supporting during
tension test. The strain in bituminous mixture maofaller than the strain in the
interface. Thus, the interface bond quality hadrectlinfluence on the maximum

tensile strength of type V specimens.
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The variation on the diameter size of reinforcegicapen type V presented no sig-
nificant difference concerning the tension behavioreover, the variation ob-
tained was mainly due to the quality of the inteefdoond and smaller differences
encountered in the specimens interface, mostlye@lto its position in the slab
before coring.

The slow strain rate used to TTSP validation shbeldalculated based on the
calculated using the LVE WLF model equation, olediin the Chapter 4, as is
classically done in the works from LTSD/ENPTE. Tdeobtained from the fre-
guency sweep tests could lead to errors.

Although the slow strain rates were slightly diéfet, the TTSP was validated for
all slab configurations (reinforced or not), typesptcimens.

The type V specimens configuration A, the TTSP aB® tolerably validated.
However, for specimens containing interfaces, th&H was mostly inconclusive
since the tests were controlled by the extensonmeéasure, which is a composi-
tion of the strain in bituminous mixture and ingar®. Thus, it was not possible
solicit the bituminous mixture and the interfacelo specimen correctly.

The reinforced specimens type H at high tempersafihe geogrid was not mobi-
lized, possibly due to the slippage in the intexfaaused by the high viscosity of
the bitumen. However, before the creep step, tlessivs strain curve presented
the same slop as the line corresponding to thergkelgstic response, which could
indicate a geogrid mobilization at this point.

The reinforced specimens type H at low temperajuinese is a greater possibility
of geogrid mobilization during the test. Howevérdoes not have significant in-
fluence on the tensile strength due to the elevstifidess of the bituminous mix-
ture at these combinations of testing conditions.

The interface containing only emulsion bitumen préed the higher tensile
strength then the reinforced specimens. Howeverijnterface strength should be
influenced by its real thickness, and the reinfdrspecimens’ interface is at least
three times thicker. Moreover, a decrease in tfecefe bonding surface and the
decrease in the indentation of the two granulaersipne another is caused due to

the geogrid presence, could result in lower maxinkemsile strength.
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6.1. Introduction

Some studies are found in literature investigatireggeogrid reinforcement to the fatigue
life of bituminous mixture. According to De Bond@(12), Arsenie et al. (2012), Millien et al.
(2012), and Godard et al. (2019), the geogrid m®es the fatigue life of reinforced bituminous
mixtures. French design method presents a fatiggistance verification on its procedure using
the parametess (strain amplitude corresponding to one millionlegdoading fatigue life) in
the calculation of admissible stramdy). Thus, an increase in fatigue resistance dueagmd
reinforcement could lead to a great improvemerthendesign of new pavement structures.
Furthermore, it could lead to a decrease in thenfiitous mixture layer thickness in the final
pavement structure (Godard et al. 2019) that hgreat impact on the roadways construction
costs.

The purpose of this chapter is to present thedatigst experimental campaign studied in
this work. Sinusoidal tension-compression tesi®aC, 10Hz, and controlled strain at different
amplitudes are carried out to the characterizaiotine fatigue life. Only specimens cored in
the same compaction direction (type H) from the fiNfferent slab configurations are used do
conduct the experimental campaign. The testinggoioe, as well as the hydraulic press and
the transducers used to measure the physical iemsatemperature, and force during the test
are fully detailed in this chapter. Moreover, threqedure of analysis is presented, as well as
the failure criteria definition. Discussions conueg the influence of geogrid presence and
type was well as the type of emulsion tack coaherfatigue resistance of bituminous mixtures
are held. Lastly, the geogrid effect in the fatig@aeameters used in the French design method

of flexible pavements is obtained.

6.2. Objectives

For the investigation conducted in this chaptemembjectives can be listed:

* To evaluate the effect of the strain amplitude usetbntrol the test in the fatigue
life of reinforced and unreinforced specimens.

» To verify the effect of the five different failuiteria chosen from the literature
to define fatigue life of reinforced and unreinfedcspecimens.

* To assess the influence of the presence of fibgsglaogrid and its maximum ten-

sile strength on fatigue life of bituminous mixtsre
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* To assess the influence of the type of emulsiok t@ed as tack coat to bond the
bituminous mixture layers together, on fatigue tfebituminous mixtures.

* To analyze the fiberglass geogrid influence onféttiggue parameters used in the
French design method for flexible pavements.

6.3. Experimental procedures and devices

6.3.1. Hydraulic press and instrumentation

Once again, the equipment used for conducti nanthesstigation performed in this chap-
ter is the same used in Chapter 4, concerningdhglex modulus tests. The information is
detailed in Section 4.3.1. However, the instrumioriaset up slightly differed from the previ-
ous tests presented in Chapters 4 and 5. Theditgtle of extensometers had a 72.5mm length
(Iy) and they were disposed at 180° from one ano#hegys placed next to the interface. The
other couple had a 75mm lengty) @nd extensometers were disposed at 180° froranoiber.
Figure 6-1 presents a setup scheme detailing tlemgxmeter position in function of the inter-
face of the specimen. The loading strain amplitwee controlled during the test from the av-
erage of the two smaller extensometérs However, the non-contact transducers were not
used, due to the unpredictable behavior of theispatat failure that could cause damage to
the transducers, the same reason for the lastahdjtus, no radial strain data was collected

during the tests.

Extensometers
(length 75mm)

Extensometers

Surface Temperature (length 72.5mm)

Probe

Figure 6-1. Instrumental setup scheme: extensomatet temperature probe location
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6.3.2. Fatigue test protocol

The tests were carried out by applying axial temsiompression sinusoidal loading cen-
tered on zero stress with a controlled strain aongbdi until the specimen reaches failure. Four
strain amplitudes were targeted: 80, 90, 100 arguhim, with two test repetitions of each.
The specimens of all configurations were testddeguency of 10hz and temperature of 10°C
with a minimum of stabilization waiting time of 4During the test, the chosen strain amplitude
was repeated until the end of the test, as chaistateof a classic time sweep test, which is
largely used to fatigue characterization in labamatThree criteria were programmed to define
the end of the test: physical failure dividing gpgecimen into two pieces, the achievement of
the maximum capacity of extensometer opening (1amd)decrease of 70% of force amplitude
in relation to the force measured at the first ingatycle. From each strain amplitude, a number
of cycle to failure was obtained and it represehésfatigue life of the specimen. From the
number of cycles to failure associated with tharresponding strain amplitudes, Wohler
curves can be plotted (c.f. Figure 2-14).

The data collecting is very extensive for eachestpecimen. A total of 250 points is
collected of each loading cycle during the testl @frequently finishes with around 2 million
of loading cycles. Thus, a reduction in the loadinges recorded was performed in accordance
with the previous works done at LTDS/ENTPE (Manigi@R014 and Cardona Ramirez 2016).
According to the theory of fatigue testing in laskory, it is observed a fastest modulus loss
during the first loadings cycles before the phdd€ardona Ramirez 2016), as discussed in
Section 2.5.2. For this reason, all the points fthmfirst loading cycles are recorded and the

data acquisition performed for the consequent syef@s according to as follows:

* From cycles 1 to 1000: all cycles recorded.

* From cycles 1 000 to 10 000: two consecutive cywesrded every 20 cycles.

* From cycles 10 000 to 100 000: two consecutiveas/otcorded every 200 cycles.

* From cycles 100 000 to 1 000 000: two consecutiates recorded every 2 000
cycles.

* From cycles 1 000 000 until the end: two conseeuticles recorded every 5 000
cycles.

A minimum of two consecutive cycles are necessanyerform the data analysis, which

is the same used for complex modulus test, destiib&ection 2.4.3. Figure 6-2 presents a
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scheme exemplifying the data acquisition duringtayfie test used in this work and same as
found in Mangiafico (2014) and Cardona Ramirez 601

—> 998 999 1000 1001 1020 1021 sy

= 9980 9981 10000 10001 10200 10201 v

— 99800 99801 100000 100001 102000 102001 s T

—> 998000 998001 1000000 1000001 1005000 1005001

Figure 6-2. Scheme of recorded cycles during ttigufa test (adapted from Mangiafico,
2014)

In order to analyse the fatigue test, especialfindey the failure criteria based on global
measurements of the sample, the evolutiofEd®f andy are important. Thus, the parameters
calculated in the complex modulus test were alsmutated for the fatigue test. Moreover, five
failure criterion to the fatigue tests results welhesen to define the failure in the results pre-
sented in this work. Three criterion are basedh@nnhonitoring of global properties of the
sample, whereas two criterion are based on thetororg of local measurements of the sample.
Table 6-1 presents the list of failure criterioredsn this work and the application of those

criteria is presented in a further section.

Table 6-1. Considered fatigue criteria and graptodse used

Failure criteria Symbol Condition Graphic
Classical approach tNo |E*|,, = 0.5 |E*], |E*| vs N
Ab; = | bi | _ 02
CAbil T T
ConcaVity Change Noncavity L IE*l vs N

With b the slope of the cycles

intervali

Variation of the slope after a
Phase angle slope approach Nt siope o _ _ pvsN
linear phase angle behaviof
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Loss of homogeneity with re-

spect to average strain ampll- Nt acax (Ag)p = C—(‘))n = 0.25 Ag; vs N
tude

Loss of homogeneity with re-

spect to the phase angle of the Ns ag Ap)n = (@i —@)nl =5° | Ap;vsN

average strain signal

6.4. Tested specimens

For the fatigue resistance characterization helthig chapter, only the H specimens of
each slab configuration were used. These are #@mspns cored in the same compaction di-
rection (c.f. section 3.2.3). Table 6-2 presernitthal tested specimens with interface composi-

tion and tack coat rate, air voids calculated g hituminous mixture, and strain amplitude of

loading cycles.

Table 6-2. Tested specimens’ composition, air vaiu$ strain amplitudes

_ Interface Air Voids | Strain amplitude
Specimen _
Composition Tack coat rate| (Mix) (%) (nm/m)
Ad-H1 8.3 112
A4-H5 9.2 108
A4-H7 8.4 105
A4-H2 8.8 104
Not applicable Not applicable
A3-H12 8.6 92
A4-H6 8.4 91
A2-H2 5.1 83
A4-H4 6.9 79
B3-H6 5.8 115
Emulsion Bitumen
B3-H5 292g/m2 7.6 108
160/220
B3-H2 7.8 97
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B3-H8 7.3 97
B3-H4 8.3 95
B3-H7 6.7 85
B3-H3 6.8 85
C4-H8 6.7 116
C4-H10 6.3 109
C4-H9 Emulsion bitumen 8.2 102
C4-H4 160/220 and GG 5.8 98
C4-H2 100kN/m 5.8 94
C4-H5 6.5 89
C4-H7 6.0 79
D3-H9 8.5 120
D3-H10 7.0 112
D3-H2 7.3 104
D3-H8 Emulsion bitumen 81 104
160/220 and GG 2x400g/m?
D3-H1 50KN/m 7.5 100
D3-H5 9.1 89
D3-H6 8.2 83
D3-H7 7.4 82
E3-H11 7.3 116
E3-H8 7.7 111
E3-H6 Emulsion bitumen 6.7 104
E3-H9 160/220 with SBS 7.0 93
E3-H5 and GG 100kN/m 6.9 86
E3-H4 8.2 86
E3-H7 6.3 84
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6.5. Example of fatigue tests results: B3-H4,
90pum/m

In this section an example of fatigue test regalfgesented concerning specimen B3-H4,
containing only interface with emulsion bitumendamith a strain level targeted at @6/m.
The results are divided into local measurementyufiei 6-3) and global measurements (Figure
6-4). In addition, the five failure criteria areegented in their respective plot. The couple of
extensometers of 72.5mm control the targeted stmaiplitude. Whereas the couple of exten-
someters of 75mm measures the strain. The condidaan used for complex modulus calcu-
lation was the average of the four extensometaradtition, the strain amplitude controlled
slightly increases during the tests. Thus, an @eedd the strain amplitude of the number of
loading cycles to failure, considering the earligdteria, was used to define the actual strain
amplitude of the test. For these reasons, somm straplitudes were different from the one
targeted before the test, with a maximum of gih@m variation. The individual extensometers
data, as well as the average of the four extensmate plotted in Figure 6-3(a). In this exam-
ple, the targeted strain amplitude wag®dm, but the tested strain calculated from the ayer
was 9um/m. Figure 6-3(b) presents the strain variatiorelation to the mean strain value. A
higher variation (25%) in one extensometer indigdbat the strain is heterogeneous due to the
appearance of local macro-cracks, which repredaihise. For the example of this section, the
strain variation criterion of failuré\¢ .ax) was 7.2- 18cycles. Figure 6-3(c), on the other hand,
presents the phase angle variation observed on edehsometer measurement. One more
time, the failure criterion is based on the appeegaof local macro-cracks, translated into a
variation of £5° of measure in one extensometer.tRe example of this section, the strain

variation criterion of failureN: ) was 9.0- 19cycles.

- 215 -



FATIGUE TEST CAMPAIGN
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Figure 6-3. Local measurements during fatigue tesiscerning B3-H4: (a) extensomethrs
(72.5mm) and> (75mm) and their average vs testing number ofesydb) divergence of in-
dividual extensometer measurement in relation écstrain average, and (c) divergence of in-

dividual extensometer phase angle measurementaioreto the average phase angle

Concerning the global measurements, Figure 6-4é&septs the complex modulus evolu-
tion during the test when subjected to the cyadmding. The failure based on the concavity
change i concavi) Obtained from this plot, which was 6.6°Xfycles. Figure 6-4(b) presents
the complex modulus evolution during the test esped in terms of its normalized value,
which is the value of complex modulus of the cyclgE |,) divided by the initial modulus
value (E'|o). When the normalized value reaches 0.5, it meé@somplex modulus measured

in the specimen has decreased 50% of its initialeval hus, the failure based on this decrease
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(Nt s009 is easily obtained from this plot, which was 8@ tycles for B3-H4. Another im-
portant global measurement is the phase anglegmiextin Figure 6-4(c). From this plot, the
last failure criterion used in this work is obtainevhich is the variation in the slope of linear
fit from the curve phase angle un function of thenber of loading cycled\¢ siope ¢), as illus-
trated in the mentioned figure. For this examhe, number of cycles to failure was 8.(> 10
cycles. Figure 6-4(d) presents the stress measiungag the test when subjected to the cyclic
loading. Figure 6-4(e) presents the Cole-Cole @hat Figure 6-4(f) presents the fatigue test in
black space. Finally, Figure 6-4(f) presents tmegerature measured by the PT100 transducer
on the specimen’s surface. From this last plogl&aleating was observed due to the loading
cycles that could explain the complex modulus Yenmeat the beginning of the test, in accord-
ance with Di Benedetto et al. (2011), Nguyen e{2012), Tapsoba et al. (2013), Mangiafico
et al. (2015) and Babadopulos (2017).
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Figure 6-4. Global measurements during fatiguestesincerning B3-H4: (dlE*| vs Ncurve,

(b) |E*|/|E*| 0 VS Ncurve, (c) Phase anglks Ncurve, (d) stresgs Ncurve, (e) Cole-cole plot,

(f) Black diagram, and (g) Temperatw®Ncurve.

Non-negligible differences were found between theadlues obtained concerning the five

different criteria. Figure 6-5 presents the |E*N/surve with the five different Nf values for

comparison purposes. The criterion with the higlesssibility to the variation in the slope of

the mentioned curvis theNt concavity Thus, it is the most accurate criterion to idgritie tran-

sition between phase Il to phase Ill. Moreovewas the earliest failure criterion between the

five used criteria. The classidal siope , andNs_sovcriteria yielded the same value, which was a

higher number of cycles to failure than the contyasriterion. Finally, the latest failure was indi-

cated by local criteriofNs 4,, resulting in an overestimation of the failure véwver, theN con-

sidered in the work presented in this chapter ésniean value from the five different failure

criteria chosen.
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Figure 6-5. Representation of the differBlavalues of the B3-H4 fatigue test according to

each failure criterion

6.6. Classical analysis of fatigue tests in cylindrical
samples results

This section presents the fatigue test resultsidafor the ensemble of configurations
analyzed in this thesis. Initially, eight tests esprogrammed, but for configurations B, C, and
E, only seven results are presented. This was goesee of the limited amount of samples
available due to the reduction caused by some empetal difficulties (e.g. problems during
the test concerning temperature controlling, aistcontrolling, press calibration, etc) result-
ing in the waste of samples.

6.6.1. Influence of strain level on fatigue

Figure 6-6 presents the normalized complex moduldignction of the number of cycles
during the fatigue tests for specimens from comfgon A (no interface). From test results, it
is noticeable that higher strain amplitudes sugubléss number of cycles before the deterio-
ration. Some tests did not present the rapid deerehcomplex modulus measurements char-
acteristic of phase Ill: A4-H1, A4-H2, A4-H6, andiAd7. It was due to the appearance of
localized physical macro-cracks usually outsidehef span of the extensometers, causing a

total deterioration of the specimen in few cycles.
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Figure 6-6. Fatigue test results in normalized demmodulus vs number of cycles at differ-

ent strain levels concerning configuration A

Figure 6-7 presents the normalized complex moduldignction of the number of cycles

during the fatigue tests for specimens from comfigjon B (interface containing only emulsion

bitumen). Once again, the increase in the straiplizude caused a faster decrease in the mod-

ulus during the fatigue tests. In this case, opbcgmen B3-H2 did not present phase Il on its

curve shape, for the same reasons as mentionedroamg configuration A.
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Figure 6-7. Fatigue test results in normalized demmodulus vs number of cycles at differ-

ent strain levels concerning configuration B

Figure 6-8 presents the normalized complex moduldignction of the number of cycles

during the fatigue tests for specimens from comigjon C (geogrid of 100kN/m and emulsion

bitumen). Similar to the results obtained for cgaofation A and B, the tests conducted at higher

strain levels presented a faster decrease in timples modulus during the test. The geogrid

presence in these results had no influence ostitigct, concerning configuration C. However,
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specimen C4-H4 presented two abrupt variationgsocurve: approximately on cycles 30 and
200.

1.00
® C4-H8 (116 pm/m)
® C4-H10 (109 pm/m)
075 - = C4-H9 (102 pm/m)
_o = C4-H4 (98 pm/m)
m Configuration C B C4-H2 (94 pm/m)
i 0.50 (100kN/m and C4-H5 (89 pmv/m)
= emulsion bitumen) ® C4-H7 (79 pm/m)
10°C
10Hz
0.25 T T T T T
1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

N (cycles)
Figure 6-8. Fatigue test results in normalized demmodulus vs number of cycles at differ-

ent strain levels concerning configuration C

Figure 6-9 presents the normalized complex moduldignction of the number of cycles
during the fatigue tests for specimens from comfijon D (geogrid of 50kN/m and emulsion
bitumen). One more time, for the mentioned confijon, the same trend of results was ob-
tained concerning the strain level influence ongtet results. Moreover, the type of geogrid
(variation of its resistance) did not influence gubject discussed in this section.

1.00
® D3-H9 (120 pum/m)
m D3-H10 (112 pm/m)
0.75 A m D3-H2 (104 pm/m)
- = D3-H8 (104 um/m)
m Configuration D ® D3-H1 (100 pm/m)
ﬁ 0.50 4(50kN/m and D3-H5 (89 pm/m)
_ emulsion bitumen) ® D3-H6 (83 pm/m)
10°C ® D3-H7 (82 pm/m)
025 20HZ | | | |
1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

N (cycles)

Figure 6-9. Fatigue test results in normalized demmodulus vs number of cycles at differ-

ent strain levels concerning configuration D

Finally, Figure 6-10 presents the normalized compt®dulus in function of the number

of cycles during the fatigue tests for specimeamfronfiguration E (geogrid of 100kN/m and
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emulsion bitumen modified by SBS). The variatiotha emulsion used to bond the geogrid in
the interface did not influence the strain levéluence, in accordance with the results obtained

for the other four configurations.

® E3-H11 (116 pm/m)
® E3-HS$ (111 pm/m)

E3-H6 (104 pm/m)
® E3-H9 (93 pum/m)

Configuration E

[-u Lo )
= 450 J (100kN/m and emulsion : E3-H5 (86 pm/m)
=20 bitumen/SBS) E3-H4 (36 pm/m)
10°C B E3-H7 (84 um/m)
10Hz
0-25 T T T T g T
1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

N (cycles)

Figure 6-10. Fatigue test results in normalized glemamodulus vs number of cycles at dif-

ferent strain levels concerning configuration E

6.6.2. Analysis of fatigue life (number of cycles to failure)

The bituminous mixture fatigue performance is eatdd by the number of cycles to fail-
ure, which represents its fatigue life. Five diffiet criteria were used in this investigation and
were previously presented in Table 6-1. Figure @Ekents thdls obtained from the different
criteria and the average, concerning the specimiosnfiguration A (no interface). Table 6-3
presented the five differeik obtained with average, standard deviation andicaeit of var-

lation, concerning the specimens of configuration A

LOE+07 83um/m  79um/m
92 - .
o My BNf_50%
w 1.0E+06 108 v | 7 BNf_Ad
S 112 m/m ’ :‘?‘/ ’ 7
& um/m Ty A T ? é mNf_slope ¢
e 7 ~ A a—’
Z 1.0E+05 ? A g g ? é ; g BNf_Asax
? é ? ? ; é 4 E ? é Nf_concavity
¢ AR
1.0E+04 é ? E 2 ‘ 2 E é 2 é mNf_Average

A4-H1 A4-H5 A4-H7 A4-H2 A3-H12 A4-H6 A2-H2 A4-H4

Figure 6-11 Nt values obtained from to the five different criteaind their average at different

strain levels concerning configuration A
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Table 6-3. Variation between the five differéhitconcerning the specimens from configura-

tion A
SpeCi‘ A€ Nf_SO% Nf_slope b Nf_Aq) Nf_Asax Nf_concavity Nf_Average Stand{ird Coef Of
men (cycles) | (cycles) | (cycles)| (cycles) | (cycles) | (cycles) | deviation | variation
A4-H1 | 112| 1.6E+05| 1.6E+03 1.6E+Q51.6E+05| 1.5E+05 1.6E+0b 4.3E+03 2.89
A4-H5 | 108 2.7E+05| 2.7E+03 2.8E+051.9E+05| 1.9E+05 2.4E+0b 4.8E+04 19.9¢9
A4-H7 | 105 1.5E+05| 1.5E+03 1.5E+(Q51.5E+05| 1.5E+05| 1.5E+0H N/A N/A
A4-H2 | 104| 3.0E+05| 3.0E+03 3.0E+053.0E+05| 2.9E+05 3.0E+05 5.4E+03 1.89
A3-H12 | 92| 1.1E+0§ 9.5E+0b 9.4E+0S.0E+05| 9.0E+05 9.5E+05 7.3E+04 7.79
A4-H6 | 91| 4.5E+05 4.5E+05 4.5E+0%3.5E+05| 4.5E+05 4.5E+05 N/A N/A
A2-H2 | 83| 3.7E+06 2.1E+06 3.7E+p@.3E+06| 2.3E+06| 2.8E+06 8.3E+05 29.59
A4-H4 | 79| 3.3E+06 3.2E+06 3.6E+P@.6E+06| 3.0E+06| 3.1E+06 3.7E+05 11.8¢9

N/A: Not applicable

From the figure, it is observed thst 5006 Nt _siopes, aNdNt_4y, presented similar values and
higher tharNs_concavityaNdNs_s.ax for the results of configuration A. Concerning 8pecimens
A4-H7 and A4-H6, they did not reach the failuraemia, due to the appearance of macro-cracks
outside the extensometers span, as previouslyssiedu In this case, the last cycle recorded
was considered as th¢ for both specimens. In addition, A4-H5 and A2-H2gented the
higher variation of failure criteria values, 19.9%d 29.5% respectively. It indicates that, for
these specimens, a higher heterogeneity of loatigigbution during the test occurred. Differ-

ent reasons could have caused it, e.g. sawing fegtems, extensometer misplacement (posi-

tioned slightly inclined in relation to specimeihigight), etc.

Figure 6-12 presents tiN obtained from the different criteria with the aage, concern-

ing the specimens of configuration B (interfacetaamnng only emulsion bitumen). Table 6-4

presented the five differehk obtained with average, standard deviation andficgeit of var-

lation, concerning the specimens of configuration B
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1.0E+07
85um/m
o7 95 g5 M @ Nf_50%
S 115 108 o7 Amim 7 —
8‘ um/m MMM um/m B Nf_slope ¢
Z 1.0E+05 ONf_Acax
Nf_concavity
mNf_Average
1.0E+04
B3-H6 B3-H5 B3-H2 B3-H8 B3-H4 B3-H7 B3-H3

Figure 6-12Ns values obtained from to the five different crigeand their average at different

strain levels concerning configuration B

Table 6-4. Variation between the five differé&htconcerning the specimens from configura-

tion B
SpeCi‘ Ag Nf_50% Nf_slope X Nf_Aq) Nf_Asax Nf_concavity Nf_Average Standgrd Coef Of
men (cycles) | (cycles) | (cycles)| (cycles) | (cycles) | (cycles) | deviation | variation
B3-H6 | 115| 1.4E+05| 1.2E+05| 1.1E+05| 1.1E+05| 9.9E+04 | 1.2E+05| 1.6E+04 14.1%
B3-H5 | 108| 2.1E+05| 1.5E+05| 1.6E+05| 1.5E+05| 1.9E+05| 1.7E+05| 2.5E+04 15.1%
B3-H2 | 97 | 2.2E+05| 2.1E+05| 2.2E+05| 2.2E+05| 2.2E+05 | 2.2E+05| 5.2E+03 2.4%
B3-H8 | 97 | 5.9E+05| 5.3E+05| 4.9E+05| 4.3E+05| 4.5E+05 | 5.0E+05| 6.4E+04 12.9%
B3-H4 | 95 | 8.0E+05| 8.0E+05| 9.0E+05| 7.2E+05| 6.6E+05 | 7.8E+05| 9.1E+04 11.7%
B3-H7 | 85 | 7.7E+05| 7.1E+05| 7.4E+05| 5.7E+05| 5.2E+05 | 6.6E+05| 1.1E+05 16.2%
B3-H3 | 85 | 3.4E+06| 3.3E+06| 3.9E+06| 3.5E+06| 3.0E+06 | 3.4E+06| 3.1E+05 9.1%

The Nt so%swas the highest failure criterion aNg concavitythe lowest for almost all the re-

sults obtained from specimens of configuration Bn€erning the variation between the five
criteria, the values were closed for all the specisy(ranging from 9.1% to 16.2%), except B3-
H2 (2.4%). This last specimen was also one thatetsteended in the transition between phases
Il and Il due to macro-cracks outside the extensiams span.

Figure 6-13 presents tiN obtained from the different criteria with the aage, concern-
ing the specimens of configuration C (geogrid odk/m and emulsion bitumen). Table 6-5
presented the five differeik obtained with average, standard deviation andicaeit of var-

lation, concerning the specimens of configuration C
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Figure 6-13Ns values obtained from to the five different crigeand their average at different

strain levels concerning configuration C

Table 6-5. Variation between the five differé&htconcerning the specimens from configura-

tion C

SpeCi‘ Ag Nf_50% Nf_slope X Nf_Aq) Nf_Asax Nf_concavity Nf_Average Standgrd Coef Of
men (cycles) | (cycles) | (cycles)| (cycles) | (cycles) | (cycles) | deviation | variation
C4-H8 | 116| 1.9E+05| 1.9E+05| 1.9E+05| 1.8E+05| 1.7E+05| 1.8E+05| 6.9E+03 3.8%
C4-H10| 110| 4.8E+05| 4.5E+05| 4.9E+05| 3.7E+05| 3.7E+05 | 4.3E+05| 5.9E+04 13.7%
C4-H9 | 102| 4.8E+05| 4.3E+05| 4.4E+05| 2.8E+05| 3.4E+05 | 4.0E+05| 7.9E+04 19.9%
C4-H4 | 98 | 5.3E+05| 5.1E+05| 5.3E+05| 4.0E+05| 5.1E+05 | 5.0E+05| 5.4E+04 10.8%
C4-H2 | 94 | 4.5E+05| 4.5E+05| 4.5E+05| 4.5E+05| 4.4E+05 | 4.5E+05 N/A N/A

C4-H5 | 89 | 9.4E+05| 6.8E+05| 7.4E+05| 5.8E+05| 5.3E+05 | 6.9E+05| 1.6E+05 | 23.1%
C4-H7 | 79 | 3.6E+06| 3.9E+06| 3.9E+06| 2.1E+06| 2.5E+06 | 3.2E+06| 8.4E+05 | 26.2%

N/A: Not applicable

Concerning configuration C, the same trend obseirvednfigurations A and B was again

observed Nt 500 Was the highest failure criterion, wheréSconcaviy and Nf 4cax, the lowest.

However, a higher coefficient of variation was atved, ranging from 10.8% (C4-H4) to 26.2%
(C4-H7). Specimens C4-H2 and C4-H8 were the onesepting the test end in the transition

between phases Il and Ill, as previously discussedonfigurations A and B.

Figure 6-14 presents tiN obtained from the different criteria with the aage, concern-

ing the specimens of configuration D (geogrid oklS0m and emulsion bitumen). Table 6-6

presented the five differeik obtained with average, standard deviation andicaeit of var-

lation, concerning the specimens of configuration D
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Figure 6-14Ns values obtained from to the five different crigeand their average at different

strain levels concerning configuration D

Table 6-6. Variation between the five differ@itconcerning the specimens from configura-
tion D

SpeCi' Ag Nf_50% Nf_slope ¢ Nf_A¢ Nf_Asax Nf_concavity Nf_Average Stapdgrd Coef Of
men (cycles) | (cycles) | (cycles)| (cycles) | (cycles) | (cycles) | deviation | variation
D3-H9 |120| 1.5E+05| 1.4E+05| 1.5E+05| 1.0E+05| 1.0E+05| 1.3E+05| 2.5E+04 19.7%
D3-H10 | 111| 2.9E+05| 2.7E+05| 2.8E+05| 2.1E+05| 2.1E+05| 2.5E+05| 3.8E+04 14.9%
D3-H2 |104| 3.1E+05| 3.1E+05| 3.1E+05| 2.6E+05| 2.5E+05| 2.9E+05| 2.6E+04 9.0%
D3-H8 | 104| 5.9E+05| 5.0E+05| 8.6E+05| 3.6E+05| 4.5E+05 | 5.5E+05| 1.9E+05 34.3%
D3-H1 | 100| 3.5E+05| 3.3E+05| 3.1E+05| 2.5E+05| 2.5E+05 | 3.0E+05| 4.5E+04 15.0%
D3-H5 | 89 | 1.1E+06| 1.1E+06| 1.1E+06| 1.1E+06| 1.1E+06 | 1.1E+06 N/A N/A
D3-H6 | 83 | 1.5E+06| 1.5E+06| 1.5E+06| 1.4E+06| 1.2E+06 | 1.4E+06| 1.5E+05 10.7%
D3-H7 | 82 | 1.4E+06| 1.2E+06| 1.4E+06| 1.2E+06| 1.2E+06 | 1.3E+06| 8.5E+04 6.7%

N/A: Not applicable

Concerning configuration D, once ag&inseswas the highest failure criterion aNe con-

cavity the lowest for almost all the results obtainedwieeer, specimen D3-H8 presented the
highest coefficient of variation of all specimensn all configurations, 34.3%. In addition, the
coefficients of variation observed for the othgre@mens were approximately the same ob-
tained for configuration B.

Figure 6-15 presents tiN obtained from the different criteria with the aage, concern-
ing the specimens of configuration E (geogrid ddkl/m and emulsion bitumen modified by
SBS). Table 6-7 presented the five differBinbbtained with average, standard deviation and
coefficient of variation, concerning the specimehsonfiguration E.
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Figure 6-15Ns values obtained from to the five different crigeand their average at different

strain levels concerning configuration E

Table 6-7. Variation between the five differé&htconcerning the specimens from configura-
tion E

SpeCi‘ A€ Nf_50% Nf_slope X Nf_Aq) Nf_Asax Nf_concavity Nf_Average Starjdqrd Coef Of
men (cycles) | (cycles) | (cycles)| (cycles) | (cycles) | (cycles) | deviation | variation
E3-H11 | 116| 3.7E+05| 4.2E+05| 4.3E+05| 3.7E+05| 2.8E+05 | 3.7E+05| 6.1E+04 | 16.3%
E3-H8 |111| 3.1E+05| 2.7E+05| 3.6E+05| 2.1E+05| 2.5E+05 | 2.8E+05| 5.7E+04 | 20.5%
E3-H6 |104| 6.4E+05| 6.1E+05| 9.0E+05| 5.7E+05| 5.4E+05 | 6.5E+05| 1.4E+05 | 21.8%
E3-H9 | 93 | 1.2E+06| 1.3E+06| 1.1E+06| 8.3E+05| 7.7E+05 | 1.0E+06| 2.3E+05 | 22.3%
E3-H5 | 90 | 1.0E+06| 8.9E+05| 8.5E+05| 8.6E+05| 8.2E+05 | 8.8E+05| 6.9E+04 7.8%
E3-H4 | 86 | 1.5E+06| 1.4E+06| 1.9E+06| 1.1E+06| 1.1E+06 | 1.4E+06| 3.4E+05 | 24.3%
E3-H7 | 84 | 2.1E+06| 2.0E+06| 2.1E+06| 1.9E+06| 1.9E+06 | 2.0E+06| 9.0E+04 4.5%

Finally, unlike the previous test results, concegntonfiguration ENt 44 was the highest

value between the other criteria, followed Myyso%s However, once agaiNs concaviywas the

lowest for almost all the results obtained. Conirgyrihe coefficient of variation, a similar

range of configuration C was obtained.

6.6.3. The Wéhler curve and determination of the s value

Each strain amplitude provides a number of cyatefailure associated with it. Plotting

the values obtained from the fatigue tests preWopiesented, a Wohler curve was obtained

for each slab configuration. This curve representmear relationship between loading and

failure, which is useful to characterize the faigesistance of a bituminous mixture. This lin-

ear relation is obtained from a linear regressmlogarithmic axis, according to the following

equation.
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Eg. 6-1

log(N) =
og(N) a+b

log(¢)

Wherea andb are fitting constants. Moreover, coefficient otetenination of the linear
fit (R?) is calculated from the regression. From thigfitequation, strain amplitude correspond-
ing to one million cycles loading fatigue life, & ¢, is estimated according to the following

equation.

g = 100(6-@) Eq. 6-2

Therefore, Figure 6-16 presents the plot INy\(s log €) concerning the test results ob-
tained for configuration A (no interface) with thédhler curve obtained from regression. In
addition, the equation of regressi®, andss are indication in the figure. Figure 6-17 presents
the same plot and information, but concerning gurtion B (interface containing only emul-
sion bitumen). Figure 6-18 presents the same pldtiformation, but concerning configura-
tion C (geogrid of 200kN/m and emulsion bitumenjufe 6-19 presents the same plot and
information, but concerning configuration D (geagoif 50kN/m and emulsion bitumen). Fig-
ure 6-20 presents the same plot and informatiohcbncerning configuration E (geogrid of
100kN/m and emulsion bitumen modified by SBS).
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70 79 89 100 112 126
6.7 << Y\ 5.0E+6
~ I - .
o\\\. | £, =89.6 Confl_guratlon A
S ! (No interface)
~ 6.1 - g1 13E+6 %
I R B ~xe g
& N &
5.5 - SNe 3.2E+5
SO0
log(N) =-9.1-log(e)+23.7 ~.e
R2=0.9124 Sa
4.9 - i i ; . 7.9E+4
1.85 1.90 1.95 2.00 2.05 2.10
log (¢)

Figure 6-16. Wohler curve of configuration A asdestimation
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Figure 6-17. Wohler curve of configuration B amdestimation
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Figure 6-18. Wohler curve of configuration C amlestimation

- 229 -

(s919£0)N

(se194£0)N



FATIGUE TEST CAMPAIGN

€ (um/m)
79 89 100 112 126
6.7 7y 5.0E+6
g =873 Configuration D '
0 | (50kN/m)
- o ~ |
- 6.1 -?!--=->J~ L3E+6
~~~~ e}
\O/I) ~~“~ = E-
__q ~~\~ g
55 R 32E+5 =
log(N) =-6.1-1og(e)+17.8 '.‘~~~~
2=0.916 e
4.9 . . . 7.9E+4
1.90 1.95 2.00 2.05 2.10
log (¢)
Figure 6-19. Wohler curve of configuration D adstimation
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Figure 6-20. Wo6hler curve of configuration E agestimation

From the results, configurations A, D and E presgéelevated®® values, 91.24%, 91.60%,
and 90.42%, respectively. These results indicatedispersions in the fatigue test results con-
cerning the mentioned configurations. Configuratibalso presented an elevaRéd84.38%),
and configuration B presented the lowBSt(75.78%) between the analyzed configurations.

The comparisons between the different configurati®dohler curves ands are held in the

next section.
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6.6.4. Influence of geogrid on fatigue resistance

Figure 6-21 presents the Wohler curves obtainedlfdive analyzed slab configurations.
The different configurations presented distinctcegsibility to strain amplitude variation. At
high strain amplitudes, more cycles were necedsdsad the reinforced specimens (configu-
rations C, D and E) to failure. Moreover, configioa E, which contains emulsion modified
by SBS, presented the highest fatigue resistanbelatstrain amplitudes, possibly related to
the presence of polymer in the interface. At lovaist amplitudes, the reinforced specimens
presented less and similar fatigue resistancettieanreinforced specimens (configurations A
and B). Configurations C (100kN/m and emulsion fioiém) and D (50kN/m and emulsion bi-
tumen) presented very similar Wohler curves, thmesabservation was made for configura-
tions A (no interface) and B (interface with oniy@sion bitumen). This result indicates that
the increase of interface bond quality due to tlesg@nce of SBS was more significant on fatigue
resistance than the maximum tensile strength ofiggoHowever, similarly to what occurred
in the complex modulus and tension test carriedrotite type H specimen from the last chap-
ters, the geogrid might not be entirely mobilizedling the test. This could lead to an underes-
timation of geogrid contribution to the fatigue fmemance of reinforced bituminous mixtures,

mainly related to the specimen’s geometry usetiéacharacterization in this work.
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Figure 6-21. Fatigue test results in Woéhler cufeesll analyzed configurations, reinforced

and unreinforced specimens
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Another important observation from Figure 6-21he 4&s comparison among configura-
tions. This parameter is used to calculate the sglbie straindaanm), used in the French design
method of bituminous mixture pavement structuresdardized by NF P98-086 (2019). Con-
figuration E presented the highesvalue, approximately 9@n/m, whereas the other four con-
figurations presented similag values, between 87 and 88/m. However, due to the high
scattered character of fatigue tests, the uncéytairzs (4¢5) can be estimated for each regres-
sion according to the following equations (NF P@5-@019).

Agg = 0.5 - (1072050 — 102PS0) Eq. 6-3
——2
1 (l0g86 — loge)
° N \/ N (n_l)'Slzogs
1-R)-(n—-1) ]
SN:SIOQN.\/ n_2 Eq65

Where n is the number of tested speciméngs is the average of albge values of tested
specimensS,, 4 is the standard deviation bfge values of tested specimens; afy,y is the
standard deviation dbgN values of tested specimeR$gure 6-2%a) presents the comparison
between thes values with their uncertainfes obtained for each configuration. Figure {22
presents the slopes from the Wdéhler curves regmesgil/b). The parametds is also used in
the design method for the calculatioregin in bituminous mixture layer.

100 10
Aeg=5.9 3 Agg=3.4 9 | @ Reinforced
95 | ag=a1 o MR A a
E 90 °8 o
€ mC -
= 85 6 ¢ m
W mD 5 Unrein- )
80 EE 4 forced
75 A B C D E

(a) (b)
Figure 6-22. Analysis of parameter used in the ématesign methods of pavements: (a)
strain amplitude corresponding to one million cgdi@ading fatigue lifesg) with its uncer-
tainty (des), and (b) slope of Wohler curved (b)

- 232 -



FATIGUE TEST CAMPAIGN

From the results is noticeable that, conceragrand4es values obtained, the five different
configurations did not present difference in r@atio one another. This indicates that, for this
parameter, no useful geogrid contribution to thenEh design method was observed. However,
concerning 1/b, the increase in these parameters results in r@ake okadm for bituminous
mixtures. Thus, the reinforcement presented a igesttontribution tothe French design
method.

6.7. Chapter conclusions

This chapter presented the fatigue experimentapeayn of the five studied slab config-
urations. Sinusoidal tension-compression testgffatent strain amplitudes were carried out in
specimens type H. The geogrid contribution to #Hieytie resistance was evaluated, as well as
its influence on the French design method of pavesaé herefore, some conclusion can be

drawn:

» Asclassically found in the literature, the tedtiigher strain amplitudes supported
less number of cycles before the deterioratiorhefdpecimen, regardless of ge-
ogrid presence.

* Regardless of the configuration, #arliest failure criterion wass concaviyand it was
the most accurate criterion to identify the transitbetween phases Il to Ill. The
classicalNs siope , andNs soxcriteria presented later failure, overestimating it

» The different configurations presented distinctcepsibility to strain amplitude
variation. Reinforced configurations (C, D, andA&re more resistant to fatigue at
high strain amplitudes and less resistant to fat@uow strain amplitudes in rela-
tion to the unreinforced ones (A and B).

* The configuration containing SBS presented the dsgfatigue resistance at high
strain amplitudes. The configurations with geogricb0 and 100kN/m and emul-
sion bitumen presented similar Wohler curves. mesoccurred with the unrein-
forced configurations (containing interface or ndttsuggests that the increase of
interface bond quality due to the presence of SBS mvore significant on fatigue

resistance than the maximum tensile strength ofggo
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The geogrid might not be entirely mobilized durthg fatigue test that could lead
to an underestimation of geogrid contribution te tatigue performance of rein-
forced bituminous mixtures, mainly related to the@men’s geometry used to
the characterization in this work.

For the French design method for pavements, acupridi the parametes ob-
tained in this work, the geogrid reinforcement efffeas negligible. Wéhler curve

slope (1/b) was smaller for reinforced specimens.

- 234 -



CRACK PROPAGATION TEST CAMPAIGN

Chapter 7: CRACK PROPAGATION
TEST CAMPAIGN

7.1, INTFOAUCTION oottt e e e e e e e e e e mnnnnr e e e e e e e s 236
A © ] o) =X 1)Y= 237
7.3. Experimental procedures and deViCes ..........cceeiiiieiiiiiiiiiiiiiiiiiin 237
7.3.1. Hydraulic press and instrumentation........ccccceeiveeiiiiiiiiiiiiie e 237
7.3.2.  SPECIMENS PreParatiON ........cccuiiiiieieiieeeeeeeeeeeeeeeriesae e e e e eeeeeeeeeeeeenennn 23¢
7.3.3. Four Points Bending Notched Fracture (FPBNF) testiogol ................. 24C
7.4. Digital Image Correlation (DIC) @nalySIS .....cccecuurerrmiiiiiaaieeeeeeeeeeeeeeeiiiiinnens 412
7.4.1. Procedure of analySiS .......coooiiiiiiiiiiiceemmee e 242
7.4.2. Average strain vs beam’s height: principle of clton ......................... 24k
7.5. TeSted SPECIMENS .....cccciiiiiieeiiieitiiicmmmmmmreeeeeeaeaee s s s e e e eeaeeeeeeeeeeesssennnneeennees 246
7.6. Example of crack propagation test result: B1-B2...........cccoeeiiiiiiiiiiininnnne, 247
7.7. Force evolution with beam’s deflection analysis..............cccceeiiiiiiiinnn. 249
7.8.  Analysis of crack tip height (2)..........coeeeeeeeiiiiiiie e 253
7.9. Energy reStitution FatEEf) ... oooeeeeeeeeeeeeeeeeeeeeeeies s e e e e e e e e e e e e 256
7.10. Average and maximum strain images analysSiS..........ccccvvvvviviviiiniinneeneeenn 258
7.10.1. Example of specimen without interface: A2-B3............cccooiiiiiiiiiinnnns 25¢
7.10.2. Example of unreinforced specimen with interface:BL....................... 26(

7.10.3. Example of reinforced specimen: D1-B3.......commmmeeeiiiiiieeiieeeninnnnnnn... 202
7.10.4. Comparison between analysed configurations.............cccc.uuvvveeiinnnnn. 26¢

7.11.  Chapter CONCIUSIONS .....uuuiiiiiii e st 267

- 235 -



CRACK PROPAGATION TEST CAMPAIGN

7.1. Introduction

Recently, the use of geogrids has increased ashaital solution to rehabilitate pave-
ments, extend its service life and reduce maintemaosts (de Bondt 2012). They could be
used for both rehabilitation and construction offtuminous pavements (GMA 2002; COST
Action 2006). Many works in the literature evideac¢hat the reinforcement by geogrid can be
effective to reduce the cracking propagation irdveays. The geogrids have been proposed for
controlling reflective cracking since the 1970s wlibe American Federal Highway Admin-
istration (FHWA) instituted a program to reducdeefive cracking in roadways (FHWA 1974,
Carver and Sprague 2000). The reflective craclsnipe cracks on pavement overlay formed
by the propagation of those presented in the uyiderpavement. Interlayer reinforcement by
geogrids was indicated since it could work as esstrelieving component and thus, effective
to reflective cracking retardant (de Bondt 1998)otder to evaluate the cracking resistance
and propagation for reinforced bituminous mixturea prismatic beam shape in the laboratory
scale, some authors used different test configumatiSome used the three points bending (3Pb)
test (Romeo et al. 2014; Canestrari et al. 2018zi@ni et al. 2016; Zofka et al. 2016). Others
used the four points bending (4Pb) test (Virgilaet2009; Ferroti et al. 2011; Canestrari et al.
2015; Safavizadeh et al. 2015; Arsenie et al. 20Q8)er different bending type of tests can be
also found in the literature (Komatsu et al. 19B8pdaii et al. 2009; Millien et al. 2012;
Obando-Ante & Palmeira 2015; Gonzalez-Torre eR@l5; Fallah & Khodaii 2015; Pasquini
et al. 2014; Gonzalez-Torre et al. 2016; Nejad.e2@l6). Mentioned works indicated a no-
ticeable improvement in the performance of therbittous mixtures due to the reinforcement,
retarding the cracks initiation and propagation.rddwer, Digital Image Correlation (DIC)
technique was found to be an advantageous toatialipthe identification of different failure
mechanisms during the crack propagation in reigdtoeams and showing the stress-relieving
capacity of geogrid reinforcements (Romeo et al42@anestrari et al. 2015).

The purpose of this chapter is to present the quagpagation test experimental campaign
studied in this work. The four-point bending notdHeacture (FPBNF) tests designed at the
University of Lyon/ENTPE according to Nguyen et(@008) were carried out in three beams
from each slab configuration. The testing procedasevell as the hydraulic press, the cameras
and the transducers used to measure the physcalieas, temperature, and force during the
test, are fully detailed in this chapter. To be#tealyze the tests, 3D Digital Image Correlation
(DIC) device was used to calculate the strain faldng the crack propagation as well as its

tip. The influence of geogrid presence and typeelsas the type of emulsion tack coat on the
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crack propagation resistance of bituminous mixtunes evaluated. Lastly, an analysis from
DIC results is performed to evaluate the stredswiglg capacity of the fiberglass geogrid re-

inforcing bituminous mixtures as well as the cragkbehavior.

7.2. Objectives

For the investigation conducted in this chaptemembjectives can be listed:

* To evaluate the influence of the presence of filasgygeogrid and its maximum
tensile strength on crack propagation resistandat@minous mixtures.

* To assess the influence of the type of emulsiok t@ed as tack coat to bond the
bituminous mixture layers together, on crack pr@p@ag resistance of bituminous
mixtures.

* To evaluate the influence of the fiberglass geomrithe crack tip retarding during
the tests.

» To verify the mobilization level of the geogrid thg the bending tests.

» To verify the applicability of Digital Image Coraglon (DIC) technique to ana-
lyze the crack propagation behavior of reinforced anreinforced specimens.

* To evaluate the stress-relieving capacity of gebgginforcing bituminous mix-

tures using DIC analysis.

7.3. Experimental procedures and devices

7.3.1. Hydraulic press and instrumentation

The test were carried out using a servo-hydrautspINSTRON at LGCB/LTDS labor-
atory of the ENTPE at Vaulx-en-Velin, France. Tpiess produces axial loading from its ac-
tuator, located in the machine bottom part. Theator displacement was measured by an in-
tegrated transducer and used for controlling tleilty performed during the tests. The press
was equipped with a Dynac®lload cell with 50kN maximum capacity, which measuthe
axial stress response during the test. A thermaintter type B.I.A. Climatft MTH6-74 was
used for temperature control during the tests. Heweonce the specimen was placed inside
the thermal chamber, there was no space to planerea in order to capture pictures from it
during the test in order to perform DIC analysisrbbver, the thermal chamber is a closed box
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with only one window upfront, which makes it impis to capture the pictures from outside
it. Thus, the modification in the thermal chamberfprmed by Pedraza (2018) was used in this
experimental campaign. It consisted of an extensidhe thermal chamber with a polystyrene-
made box coupled on it. This box was structuredtdgdges and two glass windows were
constructed on its sides. The windows were locetékde same height of the specimen making
it visible to the cameras’ range. In addition, arduhe window at the inner side of the box,
LED lamps were installed oriented in the directiothe specimen in order to reach the neces-
saire luminosity for DIC analysis. Figure 7-1 pmasethe hydraulic press, the thermal chamber

with the extension coupled to it, and the cameuaasitipned to capture images during the test.

a Load Cel R
Thermal chamber |
extension

Thermal chamber

Figure 7-1.Hydraulic press, thermal chamber witteegion and cameras used during
FPBNF test

Three Linear Variable Differential Transducers (LY)Dwere placed on supports (LVDT
1 and 3) and on beam center (LVDT 2) in order tasoee the axial displacement in these three
points. Beam’s deflection was calculated by the M20measure corrected by the punching
effect of the lower supports into the beam, obtdimem LVDT1 and LVDT3 measures. Thus,
the deflection was calculated according to theofeihg equation.

LVDT1 + LVDT3 Eq. 7-1
2

Deflection = LVDT2 —
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Figure 7-2 presents a scheme containing all théceewsed to conduct the four-point
bending notched fracture (FPBNF) tests. In addjterthermal gauge (PT100 temperature
probe) fixed on the specimen surface was used &sune the specimen’s temperature during

the test. Furthermore, two cameras were positiangside the thermal chamber in order to

perform the DIC method.

Load Cell

Surface
Temperature
. Probe

“— Geogrid
T Specimen

~  Press Loading LVDT

(Actuator)

LVDTL LVDT3

36cm

Cameras

Figure 7-2. Experimental test device and procetturEPBNF: scheme of specimen and

measurement device location

7.3.2. Specimens preparation

As presented in Section 3.2.3, from each slab gardiion, three prismatic bars, in a beam
shape, with dimensions 550x70x110mm was sawed.intbdace height, containing or not
geogrid, was located at 65mm from the bottom andm3rom the top of the beam. A 20mm
pre-notch was sawed on its center-bottom resuitiran interface positioned in the middle of
the remaining beam’s height. Finally, to improviCxccuracy, a speckle pattern was applied
to the specimen rectangular central area withralttyier of white acrylic paint and a spray of

black paint on it. Figure 7-3(a) presents the ilason of the slabs composition and the final
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beam used for the research development, whereaseHg3(b) details the interface position in

relation to the beam height.

BBSG 0/10

/" Bituminous Mixture Slab
E et = — Geogrid
@ BBSG 0/10
[72]
550mm g
600mm E

Sprayed area for image analysis
(a) (b)
Figure 7-3. Detail of beam specimen obtained framisg and prepared for testing: (a)
position of specimen from the slab, and (b) preehatize and interface position in beam
height

7.3.3. Four Points Bending Notched Fracture (FPBNF) test protocol

The specimens were conditioned at -5°C overnightfnreezer and transferred to the press,
where one additional hour of temperature conditigrat the same temperature was done. The
FPBNF test was performed at a constant rate oftmtuisplacement: 0.2mm/min. The test
was divided into two steps:

1) A preloading composed of two cycles of loading/ading was performed to ensure

the contact between specimen and supports. A maxiaflkN and a minimum of

0.3kN of compression were used for these cycles.
2) Constant rate of actuator displacement loadingpeaformed until the complete

crack propagation throughout the specimen height.

Figure 3(b) presents a graph plotting the actudigplacement and the force (P) response
measured during the test for the specimen A. Astiae time, a couple of cameras was cap-
turing high-resolution pictures of the sprayed area rate of 1 picture every 3 seconds, to be
treated later using DIC technique discussed im#x section.
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Figure 7-4. Actuator displacement and force vetsus during the FPBNF test on speci-
men A2-B3

7.4. Digital Image Correlation (DIC) analysis

DIC in an optical and contactless measurement tqabrused to compute the displace-
ment on a specific area of analysis (Sutton eLl@83). From simultaneous monochromatic
digital images acquired with the aid of two cameea3D image was obtained by image corre-
lation. Each picture is an arrangement of pixeldifferent shades of grey. The displacement
is calculated by comparing subsets of virtual sgsiaontaining a small amount of pixel in
original and deformed states. More details candomd at Pedraza (2018) and Attia (2020).
This technique was used to compute the strain bélthe beams’ surface where the crack
propagates during the test. The software Vic Sfapléta acquisition) and Vic 3D (for images
correlation), both developed by Correlated Solwgjamere employed to perform the DIC anal-
ysis conducted in this work.

The stereocorrelation is the tool used in the Dih@lgsis to transform two images 2D
captured from two different cameras at differerglasinto a 3D image, similarly to the human
vision operation. From these 3D images during ¢éis& the displacements can be tracked and
transformed in strain. Before each test, a staldwation needs to be done. This calibration
consists in capturing pictures of a white targettaming black dots disposed of in a mesh with

known dimensions. Approximately 15 pictures of ¢nl on the target at different positions
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are sufficient to perform the calibration. Figur® Ppresents the pictures of the target used to

this end.

(b)

Figure 7-5. Pictures of the target with black dotscalibration of stereocorrelation taken

at the same time by two different cameras: (a) carae the left, and (b) camera on the right

7.4.1. Procedure of analysis

Using VIC-3D software, virtual gauge lines wereatesl every 2mm of specimen height
starting from notch tip. The initial height of tkeack tip was the notch sizapf. Each virtual
gauge line was composed of 200 virtual points.damh point, the horizontal straisd was
calculated composing the strain field for the giegea at instartt The cracking appearance
criteria, useful for crack tip identification, wdse same used in previous work at University of
Lyon/ENTPE and defined based on fracture mode émgibyexx= 0.01lm/m (Pedraza 2018).
The origin of coordinates was virtually defined ptlee top of the notch as illustrated in Figure
7-7. Thus, the crack tip height is the coordinaté the line presentingx> 0.01m/m in any of
his points for the first time since the beginniridghe test. Thema (crack tip height) y + ao.
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Area of DIC analysis

I\

r A
Virtual gauge ‘ 200 points of
lines every = —» analysis (¢,,)
2mm of height ' for each line

Figure 7-6. Virtual gauge lines and coordinategiorn the area of interest used in VIC-

3D software for DIC analysis

From each virtual line, thexwas monitored at different instants of time durihg test.
Figure 7-6 presents an example concerning thersgach2-B3, line 7 (y=14mm), at Os (Figure
7-6(a)), 342s (Figure 7-6(b)), and 390s (Figurg@)6 The virtual gauge line was drawn on
the figure by the white line. At the first figurne specimen was not subjected to loading and,
therefore, no strain was measured as indicatetiargtaphic below the DIC treated image.
Along the course of the test, an increase of stnaia measured with a concentration in the
notch tip, as indicated in Figure 7-6(b). As thaist increases, the VIC-3D software defines a
scale of color to indicate the strain level readedanalyzed point. In the latest point presented
in Figure 7-6(c) (390s), a high strain concentrati@as measured around the crack and empha-
sized on DIC treated image by the red color. At tlaist point, the peak of straig(=
0.018m/m) was higher than the value defined askiorg@ppearance criteria«= 0.01m/m),
However, as noticeable in the image, the crack aliesady passed form the analyzed line.
Therefore, this criterion was validated and usethtodefinition of crack tip height, further

presented in this chapter.
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(©)
Figure 7-7. Horizontal strain curve with color scabtained from virtual gauge line 7
(14mm of height) in DIC analysis of A2-B3 for: (@) Os, (b) at 342s, and (c) at 390s
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7.4.2. Average strain vs beam’s height: principle of calculation

In order to obtain the global strain in functiortioé beam’s height, from each virtual gauge
line, the strain averagexf avg of its points was calculated and plotted in fimttof Y =y
(corresponding line coordinate)ad. This procedure was performed in order to obtagndas-
sical curve of strain variation throughout the spen’s height as a result of a bending load.
As the crack propagates through the central reigidhe analyzed area of the specimen, a re-
duction was applied and only the points within teatral 60mm were considered in the anal-
ysis. Figure 7-8 presented the explanation of ttupted analysis methodology.

110
100
% 90
80
E 70
; 60 E
3 g
. 50 =
. ¥ 40
e o 30
’ 20
Compression Tension
7Zone 7one 10
0 0.002
Exx avG (M/m)
Figure 7-8. Explanation of analysis performed frdata obtained with DIC using Vic-

3D software

However, when the crack is open and its tip hasadly passed the analyzed line, the strain
measured from DIC could be imprecise leading torsrin the analysis. Thus, a correction in
theexx avcOf the line in this situation was performed. Ihststs in disregard of the points placed
at £5mm from the crack in the average calculatierfggmed for the corresponding line. To
this end, the maximum strain measured on eacl{di@ax) is found for a given instant of time
t. If exx max> 0.01m/m (crack criterion), the coordinatef this point is known and the points
between the range at5mm are removed from the average calculation. k\eg if the line
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just above the one lastly corrected did not presgmax> 0.01m/m, the same coordinatef
the previous line was used to perform the correaticthis mentioned line and in all the other
lines above until the top. Figure 7-9 illustraties mentioned procedure.

T 1

| 1

| |

| 1

1 1

1 1

| I

| 1

Ll

e

Line 31 b
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A R ' T

TS 3 5 ] I

Points |dla® Crack irlls/erlon i /\:

for 5 & g - ) / :

Exx-AVG . | I

TR . — /J : :
I%, 8 g ) ) %X i £ 5mm

; z Line 18 i !
-30 -15 0 15 30

60mm

X (mm)
Figure 7-9. Explanation of correction performedha calculation of average strain ver-

sus beam height

7.5. Tested specimens

For the crack propagation characterization helthia chapter, prismatic bars in beam
shape were used. From the three beams sawed fansked configuration, only for C all three
beams were successfully tested. Concerning the fatheconfigurations, only two specimens
were successfully tested. Problems related to magsration and handling, and temperature
conditioning resulted in tests discard. Moreovenaerning the specimen B1-B3, an error in
the camera data acquisition prevented to saveitter@s captured during the test. Table 6-2
presents all the tested specimens with interfaogposition and tack coat rate, air voids calcu-
lated in the bituminous mixture, and strain ampligwf loading cycles.
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Table 7-1. Tested specimens’ composition, air voidgtuminous mixture and temperatures

. Interface Air Voids | Temperature
Specimen _
Composition Tack coat rate | (Mix) (%) (°C)
A2-B2 6.3 2.3
Not applicable Not applicable
A2-B3 7.8 -1.3
B1-B2 Emulsion Bitumen 5.4 -0.8
292g/m?2
B1-B3 160/220 6.5 -1.0
C3-B1 6.2 -0.4
Emulsion bitumen and
C3-B2 4.1 2.3
GG 100kN/m
C3-B3 4.7 -0.6
D1-B2 Emulsion bitumen and| 2%400g9/m? 6.1 2.5
D1-B3 GG 50kN/m 4.3 -1.0
E1-Bl Emulsion bitumen with 3.7 -2.3
E1-B2 SBS and GG 100kN/m 3.9 2.2

7.6. Example of crack propagation test result: B1-

B2

In this section, an example of FPBNF test resslgesented: specimen B1-H2, containing
only interface with emulsion bitumen. Figure 7-)0gaesents the measured force evolution
with time during the test. In this graphic, thelpagling composed of the two cycles of load-
ing/unloading performed before the test is presknitaese cycles were removed from the data
in further analysis since they do not representpimgsical material response. Moreover, the
peak of force Pmay corresponds to the beams’ maximum resistancendibg load. Concern-
ing specimen B1-H2Pmax was equal to 9.8kN. Figure 7-10(b) presents thasomed force
against the actuator displacement, which was thaeerobloading input of the test. This graphic
is important since the area underneath the curwvegmonds to the mechanical work necessary
to propagate the crack throughout the specimenghhelhus, this parameter is used to calcu-

late the energy restitution rat&s) of fracture, further presented in this chaptexstly, Figure
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7-10(b) presents the crack tip heigaf ystime during the tests, obtained from DIC analysis.
At the beginning of the test, the crack tip heigigasures the same size of the noseh {re-

viously sawn in the center-bottom of the specinasnexplained in Section 7.3.

-12 -12
P B1-B2 B1-B2
_10 max _10
__ -8 __ -8
§, -6 §, -6
o
o 4 4
-2 \ -2 \
0 0
00 50 100 150 20. 0.0 2.5 5.0
Time (min) Actuator displacement (mm)
(a) (b)
110
B1-B2 o0 ¢ >
88
‘E 66
E
c 44
22 __ notch size
e
0
0.0 5.0 10.0 150 20.0
Time (min)
(©)

Figure 7-10. FPBNF test results example for speciBie-B2: (a) force measured in the
load cell, (b) force versus actuator displacemtsst (nput), and (c) crack height tip evolution

measured from DIC analysis

Figure 7-11 presents the graphic containing fom@ erack tip height in the ordinates
against the beam’s deflection in the abscissa.bHynning of the force curve until the peak
corresponds to the stiffness of the bituminous unexthat composes the beam. Moreover, it is
noticeable that, until the peak of the force cuthie,crack does not propagate. The propagation
initiates right after the peak of force and acalkes with the loss of beam capacity of loading
support. Therefore, curve peak indicates the ciratiation and from this point, crack starts to
propagate.
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Figure 7-11. Force and crack tip height in functidtbeam deflection for specimen B1-
B2

7.7. Force evolution with beam'’s deflection analy-
sis

Figure 7-12(a) presents the cuieversus deflection for configuration A (no interc
and B (interface with emulsion bitumen). Similanas andPmax Were obtained, suggesting
that the presence of an interface did not chargertdck propagation resistance of the analyzed
beams at the tested temperature (around -1°C).

Figure 7-12(b) presents the same mentioned cumvedofiguration C (100kN/m and
emulsion bitumen). Similar curves aRglax Were obtained suggesting good test repeatability.
Unlikely the last graphic containing the unreinfedcspecimens, the curves of configuration C
did not lose rapidly its capacity of load suppdtealmm of deflection. From this mentioned
point, a force plateau was formed holding the foreeessary to deflect the beam. At 2mm of
deflection, this plateau was approximately 4kN @nmg configuration C.

Figure 7-12(c) presents the curves concerning gardtion D (50kN/m and emulsion bi-
tumen). One more time the test presented good tambkty. The curves presented similar be-
havior even after the peak of force until 2mm diektion. The same force plateau observed
in the results of configuration C were again obedror configuration D, but with lower mag-
nitude. At 2mm of deflection, the force plateau \@pproximately 2.5kN.

Figure 7-12(d) presents the curves concerning gardtion E (100kN/m and emulsion
bitumen modified by SBS). As the results obtainedthe previous configurations, the good
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test repeatability was obtained. Similarly to théaaned for the other reinforced configurations,

the force plateau was again observed and measkidf4orce at 2mm of deflection.
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Figure 7-12. Force versus deflection curve res(disunreinforced configurations con-
taining interface (B) and not (A), (b) configurati@€ (100kN/m), (c) configuration D
(50kN/m), and (d) configuration E (100kN/m and SBS)

Figure 7-13 presents th&nax obtained for all tested specimens. Similar valvese ob-

tained regardless the configuration, with exceptmmtonfiguration D that presented lowest

PmaxVvalues (average of -7.9kN) in relation to the athe

- 250 -



CRACK PROPAGATION TEST CAMPAIGN

038 95 95
-10 — T -9.1 27.9 —

AP, VD N D A D N D
¥ QX R R P R Q¥ ¥ X
W W X & &P R NR R

Figure 7-13. Force measured at peak of testedrapesi

Figure 7-14 presents the graphic force versus ctedlefor all analyzed configurations. It
is noticeable that the curves presented closeasaltithe beginning of the test ufilax This
result indicates that the presence of the geogrés ahot noticeably influence the curve from
the beginning until the load peak value, similadythe found by Canestrari et al (2015). In
addition, this figure highly evidences that thecloplateau observed in the curve shapes was
due to the geogrid presence. Moreover, the spesim@ntaining the geogrid of 200kN/m max-
imum tensile resistance (C and E) presented tiszalalues of force in the plateau, regardless
of the type of emulsion used as the tack coat. Valige was approximately the double of the
force value obtained for the results of specimamgaining the geogrid of 50kN/m maximum
tensile resistance (D). This result indicates thaigeogrid maximum tensile resistance directly

influences the beam’s capacity of loading supporing) the crack propagation.

== == A (no interface)
B (interface and
emulsion bitumen)
=== C (100kN/m and
emulsion bitumen)
=== D (50kN/m and
emulsion bitumen)
me==_E (100kN/m and
emulsion SBS)

P (kN)

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Deflection (mm)

Figure 7-14. Force versus deflection curve resudtaparative between configurations
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In order to evaluate the geogrid mobilization dgrihe test, a verification calculation was
conducted by assuming that only the geogrid suppoading from a certain point of the test.
To perform the calculation, a beam according toilthstration presented in Figure 7-15 was
considered, where the bituminous mixture in there¢part was removed keeping the geogrid
only. At the center-top, a hinge was inserted alhgwhe beam to pivot around this point sim-
ulating its strain due to the bending load. Thisgei was located at a distarftérom the ge-
ogrid, as illustrated in the figure. As a hypotkeshis distance of pivdt is higher than 3cm
and slower than 4cm in order to have a high maddtilin level of geogridFcc is the force
supported by the geogrid during the bending. Camnsid the maximum tensile resistance of
the geogrids, 50 and 100kN/m, 3 yarns in the gelaginforcing the specimen, and 40 yarns/m,
Fcais 3.75kN for 50kN/m geogrid (configuration D) andkN for L00kN/m geogrid (config-

urations C and E).

_____ h “45cm
Fwﬁ 2 '
® ( )

Figure 7-15. lllustration of four points bendingae pivoting around a hinge, supported

only by the geogrid, used to calculate the pivaghie(h) of the hinge

Using the balance of moment around the hinge,7E2jcan be written. Using this equa-
tion with theP values obtained from the plateau considering 2mrmeflection, theh was
obtained for each tested specimen. Table 7-2 piedeeP considered and the corresponding
h.

Eq. 7-2

- 252 -



CRACK PROPAGATION TEST CAMPAIGN

Table 7-2. Forces measured at 2mm of deflectiothenested specimens and corresponding

pivot height £)
Specimen | P (kN)| h(cm)
C3-B1 3.7 3.0
C3-B2 4.1 3.3
C3-B3 4.0 3.2
D1-B2 2.4 3.9
D1-B3 2.5 4.0
E1-B1l 4.0 3.2
E1-B2 3.9 3.1

The results confirmed the hypothesis considerezksatih values are contained within the
range of 3 and 4cm. This result indicates thafdhee plateau observed in the results of rein-
forced specimens were a result of the geogrid nzatibn during the test. Therefore, the tests
in specimens in beam shape highly mobilized theygdon opposition to the results obtained

from cylindrical specimens presented in the lastdtthapters.

7.8. Analysis of crack tip height (a)

Figure 7-16.Figure 7-16(a) presents the crackeiglt evolution in function of the beam’s
deflection for unreinforced specimens A (no inteefpand B (interface emulsion). Continuum
and overlapped curves were obtained for all theltgsregardless of their constitution. Simi-
larly to the results obtained in the last sectiomye of force versus deflection), the presence
of interface did not affect the evolution of cragk height results and configuration B yields
the same behavior of configuration A.

Figure 7-16(b) presents the same graphic, but dietuthe results obtained for the test
conducted with specimens of configuration C (100kNihd emulsion bitumen). In this case,
the three curves for the reinforced configuratioespnted distinct shapes. The curve for C3-
B1 was similar to the curves for unreinforced spextis. However, C3-B2 and C3-B3 more
deflection were observed to propagate the cratkandirection to the top of the beam. This
increase in the deflection was initiated when tlaek approximates the interface. At the inter-

face level, the deflection measured for the unoeocdd specimens measured approximately
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0.7mm, whereas C3-B2 and C3-B3 measured approXyriatemm, 1.6 times higher. This is
indicative of crack retarding due to the preserfageogrid.

Figure 7-16(c) presents the same graphic, but dmfuthe results obtained for the test
conducted with specimens of configuration D (50kMNmd emulsion bitumen) at this time. One
more time, distinct curve shapes were observed.edew for both, D1-B2 and D1-B3, a dis-
continuity was observed when the crack propagatashing the interface level. From this
point, a cracking retard was noticeable. The dgfiacmeasured for configuration D results
were approximately 1.05mm, 1.5 times higher.

Lastly, Figure 7-16(d) presents the same graphi¢neluding the results obtained for the
test conducted with specimens of configuration ®OKIN/m and emulsion bitumen modified
by SBS) at this time. In this case, the curvesemtesl similar shape, but the configuration E
was slightly higher in deflection than the unremcfed specimens. The deflection measured for

configuration E results were approximately 0.85r8,times higher.
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Figure 7-16. Crack tip height versus beam deflactesults: (a) unreinforced configura-
tions containing interface (B) and not (A), (b) Ggaration C (100kN/m) with unreinforced
configurations, (c) configuration D (50kN/m) witmneinforced configurations, and (d) con-

figuration E (L00kN/m and SBS) with unreinforceadhfigurations

Figure 7-17 presents images of all tested speciratti®e end of their respective tests in
order to observe the crack shape. Concerning uoread specimens (configurations A and
B), it can be observed that the cracks presenghple path from the bottom to the top. The
same observation can be made concerning the spesimheonfiguration E and C3-B1, which
can explain the continuous shape of those curvegraphica versus deflection, previously
observed. However, concerning the other two spatsnoé configuration C and the specimens
of configuration D, the crack clearly had his paéviated by the geogrid. This result evidences

the stress-relief property of the geogrid, regaslief its maximum tensile resistance.

Exx
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0.01
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(9) (h) (i) ()
Figure 7-17. Treated images of tested specimetieaind of crack propagation: (a) A2-
B2, (b) A2-B3, (c) B1-B2, (d) C3-B1, (e) C3-B2, B-B3, (g) D1-B2, (h) D1-B3, (i) E1-B1,
and (j) E1-B2

7.9. Energy restitution rate (Gy)

An energy approach was used to evaluate crack gabipa resistance of different config-
urations, reinforced and not. In this approach.atea underneath the curivevsactuator dis-
placement corresponds to the mechanical work negegspropagate the crack throughout the
specimen’s height. Figure 7-18 illustrates the argad for this calculation. Thus, the energy

restitution rate @r) was obtained using Eq. 7-3.
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»

P(kN) 4

Actuator displacement (mm)

Figure 7-18. lllustration of area underneath theve® versus actuator displacement

used to the energy restitution ra@)(calculation

Wo

O = = ao)

Eqg. 7-3

WhereW, is the area of the curve illustrated in Figure87yt is the beam width is the
beam height (dimensions of beam’s section), and the notch size. Figure 7-19 presents the
Gr obtained for the results of the tested specimeiib,the average of each slab configuration.
The results obtained concerning unreinforced speasr(configurations A and B) presented
much lowerGs than the reinforced specimens (configurations Caml E). Configuration C
needed approximately 2.6 times more energy to gateathe crack in relation to A and 3.3
times more in relation to B. Configuration D needggbroximately 1.5 times more energy in
relation to A and 1.9 times in relation to B. Cgpifiation E needed 2.5 times more in relation
to A and 3.2 times more in relation to B. Compatting reinforced specimens, configurations
C and E needed similar amount of energy to propattet crack and approximately 1.7 times
more than D. This result indicates that the maxintemsile resistance of the geogrid influenced

in the energy necessary to propagate the crackghout the specimen height during the tests.
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Figure 7-19. Energy restitution rat8) obtained for the tested specimens

7.10. Average and maximum strain images analysis

From the method described in section 7.4.2, ibssfble to calculate the average strain in
function of beam height during the test at diffeét@nest. This section is focused on presenting
three examples of this mentioned analysis perforfrad the DIC results. Two examples of
unreinforced configurations, containing interfaBd{B2) and not (A2-B3), and of reinforced
specimen (D1-B3).

7.10.1. Example of specimen without interface: A2-B3

Figure 7-20(a) presents the grapRiwersus deflection obtained for specimen A2-B3 in
the FPBNF tests. In this graphic, three specifinfsowvere chosen for the analysis of average
and maximum strains over the beam height: (1) peakt, deflection = 0.35mnt,= 342s, (2)
deflection = 0.6mmt = 390s and (3) deflection = 1mirs 420s. The first point represents the
moment when the crack was about to start propagatte last one represents the moment
when the crack was almost at the end of propagatiod the second one is an intermediate
point.

Figure 7-20(b) presents the analysis of point dnf-the treated image and the graphic of
maximum strain, it is noticeable that there is acamtration of strain on the tip of the notch,
indicating the beginning to crack propagation. &nn of height, the average strain was
around zero indicating that it represents the a¢aixis of the beam subjected bending. ¥or
values above the neutral axis, a linear-increasargpression was observed, and Yoralues

below the neutral axis, a linear-increasing comgpogswas observed until 44mm. For this
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range ofY, the analysis performed from the DIC data resultetdstrain behavior much similar
to what is classically expect in the analysis oftlaad concrete beams subjected to bending in
the studies of civil engineering. Figure 7-20(@g@nts the analysis of point 2. In this case, the
crack propagated and his tip reached approxim&®@hym of height. Figure 7-20(d) presents
the analysis of point 3. In this last case, thelk@opagated and his tip reached approximately
84mm of height.
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Figure 7-20. Analysis of average and maximum stvainsus beam height concerning
A2-B3: (a) three analyzed points emphasizel uersus deflection curve, (b) pointtls
342s, (c) point 2t = 390s, and (d) point 8= 420s

7.10.2. Example of unreinforced specimen with interface: B1-B2

Figure 7-21(a) presents the grapRizersus deflection obtained for specimen B1-B2 in
the FPBNF tests. In this graphic, three specifim{sowere again chosen for the analysis of
average and maximum strains over the beam heighpdgak point, deflection = 0.3mmz=
306s, (2) deflection = 0.56mm= 333s and (3) deflection = 1mm;= 360s. The first point
represents the moment when the crack was abotartatlse propagation, the second one was
the moment that the crack tip reaches the interfam# the last one represents the moment when

the crack was almost at the end of propagation.
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Figure 7-21(b) presents the analysis of point lceCagain, from the treated image and the
graphic of maximum strain, it is noticeable tharthis a concentration of strain on the tip of
the notch, indicating the beginning to crack pragep. In this case, the neutral axis was lo-
cated at 70mm, and the classical strain behavisy ar@e more time, obtained using DIC data.
Figure 7-21(c) presents the analysis of point Zhla case, the crack propagated and his tip
reached approximately 66mm of height. At this pointboth graphics, average strain, and
maximum strain, a gap was observed between thasp@iow and above the interface. This
gap could indicate a slight slip on the interfaetween the bituminous mixture layers when
the crack tip reaches it. Figure 7-21(d) presdmsainalysis of point 3. In this case, the crack
propagated and his tip reached approximately 88iimeight. In this last point, the gap disap-
peared from the average strain graphic, possibéytduhe correction performed (c.f. Section

7.4.2). However, in the maximum strain graphic,dbe was bigger.
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Figure 7-21. Analysis of average and maximum stvainsus beam height concerning
B1-B2: (a) three analyzed points emphasizeld wersus deflection curve, (b) pointtls
306s, (c) point 2t = 333s, and (d) point 8= 360s

7.10.3. Example of reinforced specimen: D1-B3

As an example of the reinforced specimen, D1-HXK8th and emulsion bitumen) was
chosen. Figure 7-22(a) presents the graphiersus deflection obtained in the FPBNF tests. In
this graphic, the four points were chosen for thalysis of average and maximum strains over
the beam height: (1) peak point, deflection = 0.85m= 306s, (2) deflection = 0.45mmz=
348s, (3) deflection = 1mnt,= 456s, and (4) deflection = 2.6mins 804s. The first point
represents the moment when the crack was abotartatlse propagation, the second one was
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the moment that geogrid starts being mobilized thivel one was the beginning of force plat-
eau, and the last one was the end of force plateau.

Figure 7-22(b) presents the analysis of point ke awerage strain at the interface level at
this moment of the test was zero because the autenivith geogrid was placed in the neutral
axis of the beam. This result shows that the gdogas not mobilized until the beginning of
crack propagation. Moreover, it explained why tasults obtained for all the specimens, re-
gardless of its constitution were the same undéilgbak of force, as discussed in Section 7.7.

Figure 7-22(c) presents the analysis of point Zhia case, the crack propagated and his
tip reached approximately 29mm of height. Concegrilre average strain graphic, the upper
layer behaves as a beam subjected to bending dloneever, a high strain level at interface
indicates that the geogrid was mobilized at thisfpérom the maximum strain graphic, it was
noticeable that the strain was more concentratégeitower layer than the upper layer. More-
over, there is no gap caused by interface sugggitat there was no slip in the interface. Thus,
it evidenced the stress-relief property of the gigbgne more time.

Figure 7-22(d) presents the analysis of point 3h#s point, the crack propagated and his
tip reached approximately 77mm of height. Whendtaek tip reached the interface, it was
deviated from its original path due to the geogmeésence. At this moment, it was noticeable
that even when the crack tip passed through thgrgkdhe tension strain is very high at the
interface level, measuring approximately 0.001mverage and 0.017m/m maximum. This re-
sult was another evidence that the geogrid wadyhigbbilized during the force plateau and,
therefore, being responsible for it.

Finally, Figure 7-22(e) presents the analysis afifpb. At this point, the crack propagated
and his tip reached approximately 97mm of heighttrds moment, the geogrid was the only
responsible for supporting the load since no mtnarscould be measure on the bituminous

mixture. The decrease of loading support of therbeas related to the geogrid deterioration.
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Figure 7-22. Analysis of average and maximum stvainsus beam height concerning
D1-B3: (a) four analyzed points emphasize® wersus deflection curve, (b) pointtls
306s, (c) point 2t = 348s, (d) point 3,= 456s, and (e) point #= 904s

7.10.4. Comparison between analysed configurations

Figure 7-23 presents the curves of average stexsug beam height for all tested speci-
mens at the point of force peak (point 1 from thst lsections). Figure 7-23(a) presents the
unreinforced specimens containing interface (caméijon B) and not (configuration A). Fig-
ure 7-23(b) presents the three results obtainioign fconfiguration C (100kN/m and emulsion
bitumen) test results. Figure 7-23(c) presentshhee results obtaining from configuration D
(50kN/m and emulsion bitumen) test results. Fig4&3(d) presents the three results obtaining
from configuration E (L00kN/m and emulsion bitunmeadified by SBS) test results. From the
results, it can be noticed that the specimens sontageogrid with T00kN/m maximum tensile
resistance presented a non-linearity on the poloted to the interface, with exception to C3-
B3. Moreover, most of the reinforced specimenseures] strain close to zero at the interface

on the peak of force, indicating that they wereated at the neutral axis of the beam.
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Figure 7-23. Average strain versus beam heighteapoint of force peak for all tested

specimens: (a) unreinforced configurations contgmnterface (B) and not (A), (b) configu-

ration C (100kN/m), (c) configuration D (50kN/myada(d) configuration E (100kN/m and
SBS)

Figure 7-24 presents the curves of average stexsug beam height for all tested speci-

mens at 1mm of deflection (point 3 from last sewjo Figure 7-24(a) presents the unreinforced

specimens containing interface (configuration Bj aat (configuration A). Figure 7-24(b) pre-

sents the results obtaining from configuration GOKIN/m and emulsion bitumen) specimens.

Figure 7-24(c) presents the results obtaining fommfiguration D (50kN/m and emulsion bi-
tumen) specimens. Figure 7-24(d) presents the tsesbitaining from configuration E
(100kN/m and emulsion bitumen modified by SBS) gpeas. At interface height, the rein-

forced specimens presented a high level of avestigm, whereas the unreinforced specimens

presented the average strain close to zero. Coafigns C and D presented approximately
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0.0018m/m of average strain closed to the geogad, configuration E presented approxi-
mately 0.001m/m. This result suggests that the mgagas mobilized supporting part of the

load at the analyzed point.
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Figure 7-24. Average strain versus beam heighteapoint of 1mm of displacement for

all tested specimens: (a) unreinforced configuraticontaining interface (B) and not (A), (b)

configuration C (L100kN/m), (c) configuration D (30kn), and (d) configuration E (100kN/m
and SBS)

7.11. Chapter conclusions

This chapter presented the crack propagation expetal campaign of the five studied
slab configurations. FPBNF tests were carried oprismatic specimens in a beam shape. The
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geogrid contribution to the crack propagation itasise was evaluated using DIC and energetic
approach. Therefore, some conclusion can be drawn:

* The results presented good test repeatability.

* The presence of the interface with only emulsidarben did not change the crack
propagation resistance compared to the unreinfotoafiguration without inter-
face using the curve force versus displacemenysisal

* The same peak of load value was obtained regardféks specimen constitution.
Except for the configuration D, which presentedltveestPmax

* The presence of the geogrid does not noticeablyente the curve from the be-
ginning until the load peak value in the curve &wersus displacement.

* Force plateau observed in reinforced results fraomlof displacement with direct
relation to the mobilization of the geogrid duritng test.

* Geogrid maximum tensile resistance directly infleesythe beam’s capacity of
loading support to the crack propagation. Howetrer type of emulsion tack coat
does not.

» The presence of geogrid could effectively retamldrack propagation in the rein-
forced beams.

* The reinforced specimens presents stress-religfepty due to the geogrid pres-
ence. For most of the reinforced specimens, thekcdgviated his path when
reached the interface with geogrid. Whereas foeinforced ones, the crack pre-
sented a simple propagation path.

» Considering the energy approach, the specimensioamy interface bonded with
emulsion (B) presented the lowest energy needechttk propagation. Configura-
tion D (50kN/m and emulsion bitumen) presenteddiest energy restitution rate
from the reinforced specimens, but 1.9 times highan B. Configuration C
(100kN/m and emulsion bitumen) and E (100kN/m andlsion bitumen modified
by SBS) presented similar energy restitution rapgroximately 3.3 times higher
than B and 1.7 times higher than D.

» Aclassical strain behavior of beams subjectecetaling studied in civil engineer-
ing was measured using the analysis of average &toan DIC results versus beam
height of unreinforced specimens.

» Until the peak of load, the geogrid is locatechatmeutral axis of the beam. There-

fore, it is not mobilized until the beginning ofack propagation.
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» Even after the passage of the crack from the eterfthe geogrid is still highly

capable of loading support.
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Chapter 8: CONCLUSION AND
PESPECTIVES

This thesis presented an experimental frameworkngiat understanding the bituminous mix-
tures reinforced by fiberglass geogrid behaviogrier to use it as a solution to extend the pave-
ments structures serviceability. From this poinviefw, the effect of maximum tensile resistance
of the fiberglass geogrid and the bitumen-modiftcaby SBS in the emulsion used as the tack coat
had his effects evaluated. Thus, this doctoral vemdd contribute to the future development of
new geosynthetics optimized to the reinforcemerimiminous mixtures. Moreover, it could
provide useful information, which could allow theoposition of a new design method for re-
inforced pavement structures. From experimentakfasions and analysis, the conclusions

can be summarised as follows.

* The newly proposed interface method of analysissmasessfully applied in spec-
imens with interface/geogrid oriented perpendidylar the longitudinal direction
of the cylindrical specimen (type V). It was alenieasure separately the complex
modulus of the interfac&f), as function of a chosen thicknegs &nd bituminous
mixture ;) that compose these specimens. Using this methed, obtained in
specimens containing interface, reinforced and misented the same LVE be-
havior obtained from the results of the unreinfdrepecimen without interface.
E( obtained experimentally were LVE and it could bedeled by 2S2PD. Inter-
face bond quality (correct emulsion rate applicagaod adhesion improvement by
SBS modification) presented higher influence in itmerface stiffness than the
maximum tensile resistance of the geogrid. Moreas method was able to pro-
vide E; of specimens containing only emulsion bitumen ficumation B) in the
same order of magnitude of complex modulus clakgichtained for bitumen,
considering the of a bitumen film. The proposed methodology coodéda very
useful tool for improving the design calculation ggogrid-reinforced pavement
structures. Regarding the test results obtainegdecimens with interface/geogrid
oriented in the longitudinal direction of cylindaicspecimen (type H), considera-
bly low level of geogrid mobilization was obtainexpecially for specimens with

an interface containing bitumen modified by SBSp&ge between the geogrid
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and the bituminous mixture at high temperaturesdcbe responsible for it. At low
temperatures, the high stiffness of the bituminmirgure overcome the influence
of the geogrid stiffness on measures. Results edound in Chapter 4.

The same interface analysis methodology used fopéex modulus was success-
fully used to characterize the interface behavaanbnotonic tension tests of spec-
imen type V. The strain in the bituminous mixturasamuch smaller than the strain
in the interface during the test. Thus, the failfrall these specimens was located
in the interface level and the interface bond dqudlad a direct influence on the
maximum tensile strength obtained. The variatiorttendiameter size presented
no significant difference in the maximum tensileesgth obtained for those spec-
imens. However, these specimens were very sersitie variation of bond qual-
ity and smaller differences encountered in therfate, mostly related to its posi-
tion in the slab before coring. Specimens type Maming only emulsion bitumen
in the interface (configuration B) presented thghlest tensile strength among the
specimens containing interface, reinforced andiotvever, the interface strength
should be influenced by its real thickness, andéh&orced specimens’ interface
is at least three times thicker. Moreover, a deg@athe effective bonding surface
and the decrease in the indentation of the twoujaarayers due to the geogrid
presence could result in lower maximum tensilengfite. The validation of TTSP
for these specimens was inconclusive since it veagaossible to solicit the bitu-
minous mixture and the interface of it correctlgdgarding the test results obtained
for specimens type H, at the combination of highgeratures and/or low load rate,
the geogrid was not mobilized, possibly due todlifgage in the interface caused
by the high viscosity of the bitumen. At the condiian of low temperature and/or
high load rate, the geogrid mobilization does reteha significant influence on
the tensile strength due to the elevated stiffloésise bituminous mixture. Lastly,
the TTSP was successfully validated for plasticavedr and non-linear domains
for these specimens. Results can be found in Chapte

The different configurations presented distinctcepsibility to strain amplitude
variation according to the Wohler curves obtairmednffatigue experimental cam-
paign. Reinforced configurations (C, D, and E) werere resistant to fatigue at
high strain amplitudes and less resistant to fatguow strain amplitudes in rela-
tion to the unreinforced ones (A and B). This skilisy was even higher for con-
figuration containing SBS in its interface (E). Adst identical fatigue resistance
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curves were obtained for configurations with gedgyf 50 and 100kN/m, and
emulsion bitumen. Therefore, the increase of iatarfoond quality due to the pres-
ence of SBS is more relevant to fatigue resistahe@a the maximum tensile
strength of geogrid. However, the geogrid might lm@entirely mobilized during
the fatigue test on cylindrical specimens, as akeskfor complex modulus and
tension experimental campaign. This could leadntaraderestimation of geogrid
contribution to the fatigue performance of reinfdituminous mixtures. Lastly,
the influence of the geogrid reinforcement on thiggtie parametes, used in the
French design method, was negligible. Wohler cstepe ¢1/b) was smaller for
reinforced specimens. Results can be found in @n#&pt

The presence of interface in the specimen (cordigum B) did not influence the
resistance to the crack propagation compared tegheimen without an interface
(configuration A). The presence of the geogrid deeisnoticeably influence the
curve from until the load peak value, from where thack starts the propagation
since all the specimens presented the same behawibthe load peak. A force
plateau was observed in reinforced results from Iohdisplacement related to the
mobilization of the geogrid during the test. Thiatpau was proportional to the
geogrid maximum tensile resistance and appeartorm influenced by the type
of emulsion tack coat. At the end of the test, nedshe reinforced specimens had
the crack path deviated when reached the intedgitegeogrid, which could not
occur for unreinforced specimens. It evidencedsthess-relief property due to the
geogrid presence. From the energy approach, caafign B (only interface) pre-
sented the lowest energy needed to crack propagaionfigurations containing
100kN/m geogrid presented the highest (C and Exoxmmately 3.3 times higher
than B and 1.7 times higher than D (50kN/m geognd emulsion bitumen). From
DIC analysis, the monitoring of crack tip heightdanced the crack-retarding
properties of the reinforcement by fiberglass gebdrhe strain average analysis
in function of beam height showed that the geogridcated at the neutral axis of
the beam, and, therefore, it is not mobilized uhil beginning of crack propaga-
tion. In addition, it showed that the bituminoustare layer reinforced by geogrid
is still highly capable of loading support, eveteathe crack passed through the
interface. Finally, the FPBNF tests carried owgpecimens with beam shape could
successfully measure the geogrid reinforcementribotitons to bituminous mix-

tures. Results can be found in Chapter 7.
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Following these conclusions, some recommendatindgarspectives for future research

are presented hereafter.

Different specimen geometries should be used adtamative to the cylindrical
ones, in order to obtain a higher mobilization leliging the tests. Especially con-
cerning the tests at high strain levels (tensiatsjeand tests with high material
degradation levels (fatigue tests). The true cbation of geogrid reinforcement
of bituminous mixtures can be obtained by combirsagh tests with a high mobi-
lization geogrid level.

Complementary characterization of permanent defbomat high temperatures,
classically used for rutting characterization (an@®60°C), should be carried out.
At this temperature, bituminous mixture stiffnegsmases and the geogrid could
strongly contribute to the improvement of pavenmerformance.

The proposition of a test that assesses the ingbalese geogrids on enhancing the
bituminous pavement structural capacity.

The creation of a new design method of pavemeuttstres, based on an adapta-
tion of a pre-existent method that accounts fordabwtributory effects of the ge-
ogrid founds in this doctoral thesis. The geogndtabutions could be based in a
combination of the fatigue results, concerningfdteggue Waohler curve slope pa-
rameter (-19), shown in Chapter 6, with the increase in thelciaropagation re-
sistance, shown in Chapter 7.

Construction and monitoring of a field trial reinfed by the fiberglass geogrids
and emulsions tack coat used in this study, inramgalidate the results obtained
in the laboratory characterization. In additiorg tbng