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Summary

Montmorillonite (Mt) nanoclay is a layered silicat@neral with a 2:1-type layer
structure, two tetrahedrals sandwiching one octatheth recent decades, it is
successfully introduced into polymer systems to mforpolymer-clay
nanocomposites (PCN) in which the silicate layershe Mt are randomly and
homogeneously dispersed at a molecular level inptilgmer matrix. Due to the
addition of Mt, some properties of PCN, such asmieehanical, thermal and gas
barrier properties, were superior to those of prespolymers.

Based on this idea, natural and organo Mts werd tsenodify bitumens with
different penetration grades in this study. Someoidgical, ageing and fatigue
properties of the modified bitumens and mortars eweharacterized. High-
shearing mixing method was used to prepare the fraddbitumen; X-ray
diffraction and micro-CT scanning were employeabserve structures of Mts in
bitumen; DSR equipment was adopted to characténeeaheological properties;
the rolling thin film oven (RTFO) and pressure agevessel (PAV) methods were
used to simulate the short term and long term ageim base and Mt modified
bitumens, respectively. Fatigue tests were perfdrroa bitumen and mortar
samples which consisted of bitumen, filler and satda weight ratio of
0.34:0.30:0.36, as well as on a dense graded dasphalre.

XRD results indicated an intercalated structuremfano Mts in the bituminous
matrix. A phase separated structure of natural ¢ yound in the base bitumen.
Micro-CT images further proved that natural Mt aclié&e a conventional filler at
micrometer level. The interaction between the Migels and bitumen changed its
viscosity and dynamic response as characterizeaddans of the DSR. Reinforced
shear thinning was observed on the modified bittsnana liquid state, which
implies a better drainage resistance of asphaltur@during transportation.

The results indicated that organo Mts improve thertsterm ageing resistance of
base bitumen. The main reason for this improvengetitat the barrier properties
of Mt particles hinder the penetration of oxygeneaviwhile, the reduction of
volatilization of the oil components of bitumen dethese barrier properties can
be another reason. However, a less effective inggn@nt was observed for the
long term ageing using the PAV. That is becauseammwg Mt platelets

automatically accumulated to reduce their surfacea aunder tough testing
conditions in the PAV. This accumulation weakeneel barrier properties of the
Mts. It is believed however that organo Mts willgrove the long term ageing



behaviour of bitumen in the field because the statthe Mt will be very stable
and no accumulation as occurred in the PAV willgep

The addition of organo Mts can change the fatigupgrties of bitumen and even
mortar. This change was influenced by the typehefdurfactant on the Mt which
determined the interfacial interaction betweenlitemen and the Mt. Because of
the heterogeneous character of asphalt mixturestlagid complicated failure
mechanism, the fatigue test on the asphalt mixiutte the modified bitumen only
gave a limited improvement of this property.

Finally, some important aspects are given for ®rthesearch. Based on the
present research results, the organo Mt can bdtemmative to modifiers used in
the bitumen to sustain the durability of asphaltgmaents.



Samenvatting

Montmorillonite (Mt) nanoklei is een gelaagd slitaaaterial met een
zogenaamde 2:1 type lagen structuur, waarbij eemeder zit tussen twee
tetraeders. De laatste decennia is deze nanaldeesvol toegepast in polymeer
systemen en deze Klei/polymeermengsels worden wéy-polymer
nanocomposites (PCN) genoemd. De silicaat lagendeaNlt zijn op moleculair
niveau willekeurig en homogeen gedispergeerd ipalgmeer matrix. Dankzij
de toevoeging van Mt kunnen sommige eigenschappan RCN zoals
mechanische, thermische en gas barriére eigensehapuperieur zijn ten
opzichte van de polymeer zonder Mt.

Op basis van de ervaringen met polymeren zijneipedstudie zowel natuurlijke
als organo Mts gebruikt voor het modificeren vangigatie bitumen. De invlioed
van toevoeging van Mts op een aantal rheologis@ipenschappen, alsmede het
vermoeiingsgedrag en de veroudering van penettatienen en bitumineuze
mortels is onderzocht. Een speciale mengmethodenisvikkeld voor het
inbrengen van de Mts. X-ray diffractie en micro-€danning zijn gebruikt om de
structuur van Mts in bitumen te bestuderen. De dyoahear rheometer (DSR) is
gebruikt voor het bepalen van de rheologisch eigemspen; de rolling thin film
oven (RTFOT) en de pressure aging vessel (PA\f) gebruikt om de korte
termijn veroudering en de lange termijn verouderim@ te bootsen.
Vermoeiingsproeven zijn uitgevoerd op de gemoddide bitumen,
gemodificeerde bitumineuze mortels en een met aigan gemodificeerd
dichtasfaltbeton mengsel

De XRD resultaten toonden dat de organo Mts volgers zogenaamde
intercalated structuur zijn verdeeld in de bitumegtrix. Micro CT scans toonden
aan dat de natuurlijke Mt functioneert als een emtionele vulstof op micrometer
niveau. Met de DSR kon een duidelijke verandenag de viscositeit en de
dynamische reactie van het gemodificeerde bindnhiddimden waargenomen
dankzij de interactie tussen de Mt lagen en hetntgin. Versterkte “shear
thinning” werd waargenomen voor de gemodificeentienten in de vloeistoffase,
hetgeen een betere weerstand tegen afdruipen vanbihdmiddel in een
asfaltmengsel tijdens transport suggereert.

De korte termijn veroudering vermindert aanzienliign gevolge van het
toevoegen van Mt aan bitumen.De belangrijkste eeirkd) voor deze verbetering
kan worden gevonden in de barriere werking van de pMatjes waardoor
indringing van zuurstof wordt verhinderd. Ook ig heogelijk dat door de barriere
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werking de bij hoge temperaturen vliuchtige compterebeter in de bitumen vast
worden gehouden Voor de lange termijn veroudeunitgevoerd met de PAV kon
deze trend niet worden bevestigd. Het is echtenemaelijk dat de organo Mt
plaaties spontaan aan elkaar gaan zitten ten geveln de aggressieve
proefcondities in de PAV, waardoor het specifiekp@plak sterk afneemt
Hierdoor worden de barriere eigenschappen zoatsdgpeierd door afzonderlijke
plaatjes sterk verminderd. Omdat in de praktijkrgeamenvoeging van de Mt
plaatjes zoals waargenomen in de PAV zal optredendt verwacht dat organo
Mts ook de lange termijn veroudering van bitumenda praktijk sterk zullen

verbeteren.

Toevoeging van organo Mt beinviloedt de vermoeiilggseschappen van bitumen
en de mortel. De invloed op de vermoeiingseigengodia hangt af van de soort
surfactant die op de Mt is aangebracht, omdat dezateractie tussen de bitumen
en de Mt bepaalt. Vanwege het heterogene karakierasfalt mengsels en het
complexe bezwijkmechanisme bij vermoeiing bleektoevoeging van Mt aan
bitumen slechts geringe verbetering van het venmgsgedrag van een mengsel
te geven. Wel werd een duidelijke verbetering vameerstand tegen permanente
deformatie waargenomen.

Op basis van de huidige onderzoeksresultaten kademogesteld dat toevoeging
van organo Mt aan bitumen een uitstekend middelzZjanom de veroudering en
het afdruipen van het bindmiddel in asfaltmengsegen te gaan. Met name voor
zoab is dit een zeer belangrijke eigenschap.
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Chapter 1 INTROOTION

1 INTRODUCTION

1.1 Background

Bitumen is one of human’s oldest engineering malerand is used at the
beginning of civilization as a water proofing armhding agent. It is defined in the
Wikipedia as a mixture of organic liquids that dighly viscous, black, sticky,
entirely soluble in carbon disulfide (@S and composed primarily of highly
condensed polycyclic aromatic hydrocarbons.

The earliest record about natural bitumens wasno the stone blocks in the wall
of the water tank in the Sumerian empire whichtexisrom around 3500 B.C. to
approximately 2000 B.C. As early as 2600 B.C., Egyys used natural bitumen
for waterproofing, mummification and building sttues. These bitumens were
laid down in a geologic stratum and occurred inngeof rock formations, or

impregnated in various limestone, sandstone foonatiand lakes (Roberts,
Kandhal et al. 1996). Trinidad Lake Bitumen is afig¢he largest natural bitumen
deposits in the world.

In modern industrial society, bitumen is manufaetuby the distillation process
of crude oil in refineries, and has been widelydusethe construction of asphalt
pavements all over the world. A schematic repredemt of the components in an
asphalt mixture is shown in Figure 1.1.1a. To $itabithe stone aggregate
skeleton in an asphalt pavement, mortar consistirigtumen, filler, and sand at a
certain ratio acts as a real glue in the asphaiture. Bitumen is a viscoelastic
material and makes the asphalt pavement flexildecamfortable.

Figure 1.1.1b shows the worldwide bitumen consuompgier year which increases
year by year. It is more prominent in some develgpcountries due to the

economic growth. Statistic data indicates that 1ian tons of bitumen was used

in the construction of asphalt pavement in 201Ghma, which is almost one fifth

of total consumption in the world (104.3 milliomtin this year).
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In practice, the properties of bitumen change duris service life due to vehicle
loads and environmental factors (Petersen 1984 Istééml 1985). At high
temperatures, low frequency of loading, bitumenld¢ddaecome soft with a low
stiffness and susceptible to permanent deformathm.a complex mixture of
aliphatic, aromatic and naphthenic hydrocarborisinten easily gets aged due to
the diffusion of oxygen and UV radiation. Repedtstls will result in decreasing
strength because of fatigue. Rainwater can inflaetite adhesion between
bitumen and the aggregate and the brittlenesstainlen at low temperatures often
causes thermal cracking. All these factors can leadailure of the asphalt
pavement.

On the other hand, society’s development demantteriggerforming pavements
as the number and axle loading of vehicles incrgase by year. Good structural
design and high construction quality are necessaprovide safety and comfort
to the road user. The use of modified bitumen isngmortant solution to reduce
the frequency of maintenance and sustain the pav&saurability. According to
practical needs and requirements on site, differantifiers are available to
improve properties of the bitumen. For example, rmepments in deformation
resistance can be achieved using thermoplastiongty and rubbers, as well as
some chemicals, such as sulphur. Thermoplasticoatess could improve the
thermal cracking and fatigue resistance. Hydratete land some antioxidants
could increase the ageing resistance and someiadhegrovers are available in



Chapter 1 INTROOTION

the market to reduce moisture damage (Read andeWé#kt 2003). Some
mechanisms of these improvements will be introduce@hapter 2.
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Figure 1.1.2 Montmorillonite available from the reatrand its molecular structure
(Giannelis, Krishnamoorti et al. 1999)

In recent decades, montmorillonite nanoclay (Mt)mamber of the smectite
family, has been successfully used to modify polsgm@s shown in Figure 1.1.2,
Mt is a layered silicate mineral with a 2:1-typeda structure, two tetrahedrals
sandwiching one octahedral (F.Bergaya, Theng eR@0D6; Okada and Usuki

2006). The single Mt layer has a thickness of agolmm and a cross-sectional
area of 100 nfm There are some hydrated cations, such ds fdsiding between

the layers. In order to make the Mt more compatiblth the polymer, some

surfactants, such as quaternary ammonium saltysarally used to modify them in
which organic cations will replace the interlaygdrated cations. In this way, the
normally hydrophilic silicate surface becomes omgahilic (Giannelis 1996).

The Mts help polymer systems to form polymer-claynacomposites (PCN) in
which Mt layers are randomly and homogeneouslyeatsgd at a molecular level
in the polymer matrix (Pinnavaia and Beall 2000;,0k2006). With only a small
amount of Mt about 1-5 wt.%, some properties of P&HB superior to those of
virgin polymers. This concerns improved mechanipebperties, thermal and
chemical resistance, decreased gas and moistumeegbility, etc. The first PCN
of Nylon 6-clay hybrid invented in 1985 has to bentioned (Okada and Usuki
2006).

1.2 Objectives

The main goal of this research is to investigate lifferent montmorillonites
influence the properties of base bitumens, and emprently find possibilities of
how these modifications can be used in practiceadldeve this goal, following
objectives were defined:
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» Determine the most accessible method to manufachaetmorillonite
modified bitumen in the lab.

» Observe and characterize the structures of Mtsiatmand nano-scale
levels in the bitumen which could determine thalfiproperties.

» Investigate the effect of Mts on the rheologicaleiag and fatigue
properties of base bitumen.

» Develop a relation between the characteristics df (such as the
surfactants on the Mt, its structures in the bitara&.) and properties of
modified bitumen.

Figure 1.2.1 shows the simplified schematic of veh@lsearch work.

Materials Mt nanoclay
Preparation Bitumen

* Processing facilit
Processing « Temperature

* Processing time

Characterization l
Properties Structures
*« XRD

 Empirical tests

« Viscosity * Fluorescence

« DSR * Micro-CT scan

« Ageing resistance « TEM

» Fatigue (bitumen, mortar and mixtur

Figure 1.2.1 Simplified schematic of whole reseawcink

1.3 Structure of this dissertation

This dissertation is divided into seven chaptetsaler 2 summarizes the present
knowledge about bitumen, its modification, nanosl&y.g. montmorillonite) and
their application in the polymer-clay nanocompasite

Chapter 3 gives a detailed description of the nalteused in this study, including
base bitumens and montmorillonites (Mts) with andheut surfactants. The

-4 -



Chapter 1 INTROOTION

manufacturing method and its conditions (e.g. tiamel temperature) are also
presented.

In Chapter 4, different methods are described seoke the structures of inorganic
and organo Mts in the base bitumen, including Xddfyaction (XRD), Micro-CT
scanning, fluorescence microscope and atomic fmiceoscope (AFM).

The ageing behaviour of modified bitumens is disedsin Chapter 5. The rolling
thin film oven test (RTFOT) and the pressure aisset (PAV) are used to
simulate the short term and long term ageing o laasl Mt modified bitumens,
respectively. Rheological tests and Fourier tramsfimfrared spectroscopy (FTIR)
tests are performed to evaluate the effect of ggemthe physical and chemical
properties of bitumens. The change in the Mt stmacafter the ageing of bitumen
is also observed using the XRD.

In Chapter 6, the dynamic shear rheometer (DSR)ipemgnt is used to
characterize the rheological properties of bitumrerdified by the Mts in terms of
viscosity and dynamic response. The aspect ratddton the bitumen is evaluated
using a composite model.

Fatigue tests are performed on bitumen, mortar,naixture; this is discussed in
Chapter 7. First, the cone and plate device is ueedharacterize the fatigue
properties of bitumens modified by two organo M1l and Mt2. Next, the
standard mortar and the one modified with Mt2 befand after short time ageing
are subjected to fatigue tests using a column sg@eimen. The dissipated energy
ratio (DER) method is adopted to define the fatidiie Finally, the indirect
tensile fatigue test is used to characterize ttiguia properties of mixtures.

Finally, Chapter 8 gives conclusions and some regendations.
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2 LITERATURE REVIEW

2.1 Application of nanoclay in polymers

In recent decades, layered silicate montmorillomi@noclay (Mt) has been
successfully introduced into polymer systems to mforpolymer-clay
nanocomposites (PCN) in which Mt layers are rangoathd homogeneously
dispersed at a molecular level (Pinnavaia and B¥D; Koo 2006). Because of
their ultrafine phase dimensions (see Figure 2.1ACNSs possess unique
properties which are superior to those of virgihypeers, in terms of improved
mechanical properties, thermal and chemical resista decreased gas and
moisture permeability, etc. Therefore, PCN matsra@fer a new technology and
business opportunities in the industry.

Figure 2.1.1 TEM micrograph of organo montmoriltenexfoliated in a polymer
matrix (Alexandre and Dubois 2000)
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Since the first nanocomposite nylon 6-clay hybrasvwinvented at Toyota Central
R&D Lab in 1985, extensive researches about nanposites have been
performed in the industrial and the academic wdfltkada and Usuki 2006).
Some possible polymer matrices which can be syb@swith the clay into

nanocomposites are listed below:

® Polypropylene (PP) (Kurokawa, Yasuda et al. 1996)
® Polyethylene (PE) (Su, Jiang et al. 2004)
® Polybutylene (PB) (Zhang, Manias et al. 2009)
® Polystyrene (PS) (Gilman, Jackson et al. 2000)
® Acrylonitrile butadiene styrene (ABS) terpolymer (Zheng and Wilkie 2003)
® Poly styrene butadiene styrene (SBS) ugl.&rancescangeli et al. 1997)
® Styrene butadiene rubber (SBR) (Zhang, Wang et al. 2000)
® Poly (methyl methacrylate) (PMMA) (Okamoto, Morita et al. 2000)
® Poly (ethylene glycidyl methacrylate) (Alyamac and Yilmazer 2007)

2.1.1 Montmorillonite nanoclay

Layered silicate Montmorillonite (Mt) is a type ofay mineral which refers to
materials which have a layered structure or a &iracsubstantially derived from
or containing major features of such layer strieguiGiese and Van Oss 2002).
Clay minerals normally form in an environment oivltemperatures, low pressure
and abundant presence of water. Under these comslitit is impossible to form a
perfect crystal structure and consequently theseemaés are highly disordered
and amorphous. However, a short range order exists.

Montmorillonite originates from bentonite whichnsst commonly formed by the
in-situ alternation of volcanic ash (Koo 2006). Bes of montmorillonite,
bentonite also contains other minerals and claysh s illite, kaolinite, quartz,
zeolite, etc. Based on its molecular structuresntmorillonite belongs to a
member of the smectite family which includes dibet@ral smectites such as
montmorillonite and nontronite, and trioctahednalestites for example saponite
(Bergaya, Theng et al. 2006).

The Mts are produced in several countries, sudbhiigsa and USA which are two

of the largest not only producers, but also consumed exporters. The

consumption has reached several million tons per y@nd is continuously

increasing. The price of Mt varies from 100 dolpsr ton to several thousands
dollar per ton, depending on the quality and theliagtion. The rapid expansion

of the Mt's consumption implies a promising futdoe the nanocomposties based
on Mts.
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Figure 2.1.2 Structure of montmorillonite (GianseKrishnamoorti et al. 1999)

The chemical structure of montmorillonite clay lisistrated in Figure 2.1.2. As
shown, its sheet structure consists of tetraheslii@ate layers and octahedral
alumina layers. The tetrahedral silicate layer @tasof SiQ groups linked
together to form a hexagonal network of repeatingsuof SpO;o. The alumina
layer consists of two sheets of closely packed erggor hydroxyls, between
which octahedrally coordinated aluminum atoms arkeidded in such a position
that they are equidistant from six oxygens or hygli® The two tetrahedral layers
sandwich the octahedral layer, sharing their apeygens with the latter (Koo
2006). A single silicate layer with a sandwichdtucture has a thickness of
around 1 nm and a cross-sectional area of abouh®(@Okada and Usuki 2006).

The chemical formula of the montmorillonite is (Ba) 3Al,Mg) »(Si;O10)(OH)s.
Besides of Naand C&', there are other possible cations, such dsKi, Mg**
residing in the interlayer space of the montmonile. These inorganic cations
make the montmorillonite hydrophilic.

To be more compatible with polymers, ion exchangactions towards these
exchangeable cations (Figure 2.1.2) are necesbhaeyschematic process of this
reaction is shown in Figure 2.1.3.
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Figure 2.1.3 Schematic process of ion exchangeiogac

During this exchange reaction, some organic swuafdastreplace inorganic cations,
and render the normally hydrophilic silicate sugacganophilic (Giannelis 1996).
The optimum cation exchange capacity (CEC) of maniifonite is between 80
and 150 meg/100g (milliequivalent of hydrogen p@® ). If this value is too low,
it is hard to exchange inorganic cations with orgames; on the other hand, high
CEC makes two layers connected with each other avgtrong bond, and organic
cations hardly enter the interlayer space to repthe inorganic cations (Qi and
Shang 2002).

Due to the negative charge on the surface of tloatd layer, the cationic heads of
surfactant molecules prefer to reside at this serfdeaving the organic tail

radiating away from the surface. According to X-daffraction, the organic alkyl

chains have been thought to lie either parallethm silicate layer, or forming

bilayers, or paraffin-type monolayers, which atasirated in the top of Figure
2.1.4. Depending on the packing density, tempegatund chain length, more
structures can develop and some idealized oneshaken at the bottom of Figure
2.1.4.

-10 -
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Figure 2.1.4 ldealized structures of organicallydified silicates (top) and the
structure of organically modified silicates as suem@ed by Giannelis,
Krishnamoorti et al. (1999)

Koo (2006) summarized main types of surfactantsclviare used to modify the
montmorillonite. They are:

-- Quaternary ammonium

-- Alky imidazoles

-- Coupling and tethering agents

-- Amide acids

-- Others consisting of cation types containingg@tmrous ionic compounds.

Amide acids were the first surface modifiers usedthe synthesis of the
nanocomposite nylon 6-clay hybrid. Figure 2.1.5 vgéhosome quaternary
ammonium surfactants used in the nanoclay fromi&ontClay Company, U.S.A.
Due to the commercial confidentiality, parts of ithenolecular structures are
replaced using “T".

C‘H CH, I|_I
|
CH, - N CH,- @ CH,-N'-HT CH, -N*-HT
| |
HT HT HT
CH, CH,CH,0H
| |
CH, - N~ CH,CHCH,CH,CH,CH, CH;-N*-T
| CH, |
HT  CH, CH,CH,0H

Figure 2.1.5 Quaternary ammonium surfactant catitnosn Southern Clay
Company \www.nanoclay.com

-11 -
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Surfactant cations lower the surface energy ofditieate surface and improve

wetting with the polymer matrix. Meanwhile, theycirase the basal spacing and
make polymer molecules conveniently enter the liayer space. Table 2.1.1 gives
an example of how the surfactant’s structures erfaes the basal spacing (Usuki,
Kojima et al. 1993). However, the final interactibatween the matrix and clay is

determined by their compatibility.

Sometimes, the organic cations may contain varfaostional groups that react
with the polymer to improve adhesion between tlmeganic phase and the matrix
(Alexandre and Dubois 2000).

Table 2.1.1 Change of montmorillonite’s basal smgcas the function of
surfactant’s molecular structure (Usuki, Kojimaakt1993)

Interlayer spacing

n value in"HsN-(CHz).-COOHm) of the modified clay (nm)

2 1.27
3 131
4 1.32
5 1.32
6 1.32
8 1.34
11 1.74
12 1.72
18 2.82

2.1.2 Processing of polymer-clay hanocomposites
In total, there are six methods to process polyoleey-nanocomposites which are
summarized by Koo (2006).

Solution intercalation

The Mt is exfoliated into single layers using aveait in which the polymer is also
soluble. Due to the weak forces that stack therfaysuch Mt could be easily
dispersed in an adequate solvent. The polymer @bhsorbs onto the delaminated
sheets, and when evaporated (or the mixture ptatagi), the sheet reassembles,
sandwiching the polymer to form an ordered, myjgl®d structures.

Melt intercalation

In this method, polymer and nanoparticles are tyemixed in the extruder

machine and are then melt-extruded together togpeefhe nanocomposite (Ke
and Stroeve 2005). During the whole process, tlid polymer matrix is in the

molten state. If the layer surface is sufficiendgmpatible with the selected

-12 -
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polymer, the polymer can be inserted into the lay@r space and form either an
intercalated or an exfoliated nanocmposite. Noesaivs required.

Roll milling

Three-roll milling is considered as low shear mgifior incorporating the
nanoclay into a polymer. The compounding of nanoclamposites with a three-
roll mill machine is found to be highly appealingdaenvironmentally friendly
since no solvent is required. Compared with theutsmd method, it is more
efficient in achieving a higher degree of intertial@exfoliation within a short
period of time. The definition of different structuof nanoclay in the matirx is
introduced in the section 4.1.2 of Chapter 4. Towegér the mixing time, the
higher the degree of intercalation (Yasmin 2003).

Emulsion polymerization
In a manner analogous to the solution intercalatehnique, the layered silicate
is dispersed in the aqueous phase, and the polyamecomposites are formed.

In-situ polymerization

The layered silicate is swollen within the liquidnomer (or a monomer solution)
so that the polymer formation can occur between ithtercalated sheets.

Polymerization can be initiated by different polymaation methods such as heat
or radiation, diffusion of a suitable initiator, @n organic initiator or catalyst fixed

through cationic exchange inside the interlayemoteefthe swelling step of the

monomer.

High shearing mixing

The nanoclays are mixed with the liquid polymer nwatusing high-shearing
equipment. Under these conditions and if the serfaeated nanoclays are
comparable with the selected polymer, the highisimeing will disrupt the
nanoclays and disperse the polymer matrix intocthg layers. An intercalated or
an exfoliated nanocomposits will result. This tdge may or may not,
(especially in the case of water-based polymerg)ire solvent.

2.1.3 Properties of polymer-clay nanocomposite (PON

In polymer clay nanocomposites (PCN), a small amotitayered silicate triggers
a tremendous improvement in the properties ofipagbolymers. In this literature
review, we focused on the mechanical, thermal amdlidy properties of PCN
because they could be linked to the modificatiorbibfimen. Other properties,
such as conductivity, thermal expansion, et ak ,ret discussed.

2.1.3.1 Mechanical
As the first nanocomposite invented by Toyota CHnR&D lab in 1985,
mechanical properties of Nylon-6 clay hybrid (NCk8ve to be introduced. Due

-13 -
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to the discovery on the NCH, an extensive worldemeésearch on PCN has been
continuing to the present day, not only in the stdal but also in the academic
field (Okada and Usuki 2006).

Nylon-6 is a typical engineering polymer and norgatinforced by glass fiber.
It is obtained through the intercalative ring opgnpolymerization of caprolactam
and its reaction process is shown in Figure 2.1.6.

7/~ \
e /9 \

\
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Figure 2.1.6 Schematic to obtain Nylon 6 by ringemipg polymerization of
caprolactam molecule

Kojima, Usuki et al. (1993) adopted the melt in&dation method to synthesize
the exfoliated nylon-6 clay nanocomposites withfed#nt clay contents. The
montmorillonite nanoclay was modified by amino a¢/A) hydrogen chloride
with carbon numbers from 2 to 18. According to &&TM D638M, mechanical
properties of Nylon-6 and its nanocomposites westetd and results are shown in
Table 2.1.2. Compared with pristine nylon 6, additof only a few percent of
clay by weight improved its strength and modulusege properties were saturated
at 5 wt. % of clay. If clay content was increasedtwt. %, few improvements
were observed. Note that the elongation at breaidsced. Especially at 23 °C, it
dropped from higher than 100 % for the pristine ddaw 7.3 % and 2.5 % for the
nanocomposite filled with 5 wt. % and 8 wt. %, resjvely.

Table 2.1.2 Mechanical properties of pristine Nyand its nanocomposites with
2 wt.%, 5 wt.% and 8 wt.%, respectively (Kojima,uldset al. 1993)

Temperature [°C] Unit  Pristine 2wt.% 5wt.% 8 wt.%

Properties
Tensile 23 MPa 68.6 76.4 97.2 93.6
strength 120 26.6 29.7 32.3 31.4
Tensile 23 GPa 1.11 1.43 1.87 2.11
modulus 120 0.19 0.32 0.61 0.72
Flexural 23 MPa 89.3 107 143 122
strength 120 12.5 23.8 32.7 37.4
Flexural 23 GPa 1.94 2.99 4.34 5.32
modulus 120 0.29 0.75 1.16 1.87
Elongation 23 % >100 >100 7.30 2.5
120 >100 >100 >100 51.6
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However, such a loss in ultimate elongation dodsoeour in elastomeric epoxy
(Wang and Pinnavaia 1998). Furthermore, the adddfonanoclay in cross-linked
matrix triggers an increase of the elongation atkras clearly depicted in Figure
2.1.7. The strain-at-break is substantially incegar exfoliated and intercalated
nanocomposites, whereas conventional clay composit@ibit normal behavior
and become less elastic than the pristine polymmethe case of the exfoliated
nanocomposites, the authors attributed this imprere partly to the plasticizing
effect of the dangling chains in the polymer ma#émnd the reinforcement effect of
the clay layers. However, they did not give a geogblanation in the case of
intercalated nanocomposite. For the conventiore cbmposites, the high filler
content makes these composites much more britiehwksults in less elongation.
The clustering of nanoclay as well as nano- or oagze voids in the
microstructure due to inadequate degassing of tlxeura could also lead to less
elongation.
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Figure 2.1.7 Comparison of the strain at breakeslior an exfoliated epoxy/clay
nanocomposite prepared from a hydrous sodium w®licaineral modified with

methyl octadecyl ammonium ion (C18A1M), an inteatal nanocomposite
prepared from the silicate modified with trimethgttadecyl ammonium ion
(C18A3M) and a conventional composite prepared ftoensilicate modified with

octadecyl ammonium ion (C18A) (Wang, Lan et al.@d)99

As shown in Figure 2.1.8, Liu, Qi et al. (1999) mouthat the tensile modulus of
nylon 6 clay nanocomposites increases rapidly withclay content in the range
of 0-15 wt %, but changes little for a clay contérgher than 15 wt. %. The
montmorillonite with octadecyl ammonium surfactamts used in their research.

For the dynamic modulus, some research has beem @orpolypropylene (PP)
which is one of the most widely used polyolefinymoers (Kawasumi, Hasegawa
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et al. 1997). Figure 2.1.9 presents the storageuinotithe PPCHs-PP-MA-1001
relative to those of the matrix, obtained by sindalby vibrating the samples in
the tensile mode at 10 Hz. Here, PPCH-C18-Mt/10£férs to one type of PP
oligomers plus 5 wt.% of montmorillonite nanoclaytercalated with stearyl
ammonium surfactant; PPCH-C18-Mc/1001 means thedgpe of PP oligomers
plus 5 wt. % of synthetic fluorinated mica nanoclayercalated by the same
surfactant. Apparently, the moduli of the PPs aghér than the matrix over the
whole temperature range. This is considered toumetd the real reinforcement
effect of the clays. PPCH-C18-Mc/1001 exhibited thdes higher modulus at 90
°C by using only 5 wt. % clay.
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Figure 2.1.8 Effect of nanoclay content on tensitedulus of nylon 6 clay
nanocomposites (Liu, Qi et al. 1999)
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Figure 2.1.9 Relative dynamic storage moduli (EWatrix) of the polypropylene
nanocomposites to that of the matrix (Kawasumi,ddasva et al. 1997)
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2.1.3.2 Barrier

The high aspect ratio of silicate layers in nanoggosites has been found to highly
reduce the gas permeability in films prepared freach nanomaterials (Lan,
Kaviratna et al. 1994; Messersmith and Gianneli85)9As indicated in Table
2.1.3, a decrease in gas permeability of nylon camposite is independent of the
type of gas (H O,, and HO) (Okada and Usuki 2006).

Table 2.1.3 Gas permeability of nylon nanocompd$ieada and Usuki 2006)

Permeability Temperature [°C] Relative permeability*P. /P,
0O, 23 0.25
CO, 23 0.50
Water 40 0.45

* means a ratio of the permeability of the composd the permeability of the
pristine, P./ R,

Figure 2.1.10 shows the comparison of the relgteeneability of water defined
in Table 2.1.3 as a function of the silicate cohtegiween a nanocomposite and
two conventionally filled silicate composites (Adaml) (Giannelis 1996). The
permeability in the nanocomposite is much lower parad to the unfilled
polymer; the decrease in permeability is much m@renounced in the
nanocomposites compared to the conventionallydfiielymers with much higher
filler content.
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Figure 2.1.10 Relative permeabilit$. /P, as a function of filler content for

polycaprolactone nanocomposites and conventiofildyg silicate composites (A
and B) (Giannelis 1996).

The barrier property can be explained by Nielsg@ameability model which is
illustrated in Figure 2.1.11 and expressed by ttlewing Equation:
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P./P, =1/[+(L/2W )V, ] 2.1.1
Here, P. and B, are the permeability coefficient of the nanoconmeoand the
pristine; L, W andV, represent the plate length, width and volume ioacbf
silicate clay, respectively.

Figure 2.1.11 Nielsen permeability model (Niels€62)

The dramatic reduction of permeability in the nasroposites is due to the
presence of dispersed large aspect ratio siliegters in the polymer matrix which
are impermeable to gas molecules and moisture. fidises them traversing
nanoclay particles to follow a tortuous path thhdouthe polymer matrix
surrounding the silicate particles, thereby increashe effective path length for
diffusion (Giannelis 1996).

2.1.3.3 Thermal

The nanocomposites often exhibit markedly improvieermal properties when
compared with the pristine or microcomposites. frermal stability of a material
Is usually assessed by thermogravimetric analyiS&A) where the sample mass
loss due to volatilization of degraded by-produstsonitored as a function of a
temperature ramp. When heating is done under art ges flow (nitrogen,
helium), a non-oxidative degradation occurs while tise of air or oxygen allows
to determine the oxidative degradation of the saniplexandre and Dubois 2000).

Figure 2.1.12 shows the TGA traces of silicone aubénd its nanocomposites
with 8.1% vol. % of organo montmorillonite and aslica, respectively (Wang,

Long et al. 1998). Decomposition temperatures dh @nocomposites (433 °C
and 440 °C) are higher than that of the pristingl(3C). The authors proposed
possible origins for the observed thermal improveiseich as some inactivation
of the centers active in silicone main chain decositpn by interaction with the

clay or by prevention of the unzipping degradateourring through physical and
chemical cross-linking points built up between pody chains and particles.
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Figure 2.1.12 TGA traces for silicone rubber atsdnanocomposites with 8.1%
vol. % of organo montmorillonite and aerosilicagspectively (Wang, Long et al.
1998)

Another important reason for the better thermabiitg is that the evaporation of
the volatile decomposition by-products is hinder@sl a direct result of the
decrease in permeability, which is usually obsenveexfoliated nanocomposites
(Burnside and Giannelis 1995).

2.2 Bitumen

Bitumen is widely used as a binder in the consibacdf asphalt pavements. It is
refined from crude oil which originates from thena@ns of plant life at certain
conditions of temperature and pressure. Its chdnsmaposition and properties
are variable from source to source due to the cexitglof the crude oil itself.

2.2.1 Chemical composites in the bitumen

Table 2.2.1 gives typical elements contained inrb&ns from different sources
(Plancher, Green et al. 1976). The main contemtdight is carbon and hydrogen.
In so-called heteroatoms, sulfur is the most abohdement while nitrogen and
oxygen exist in relatively small amounts. Thesesfwdtoms impart functionality
and polarity to the molecules and may dispropodiely contribute to the
properties of bitumen (Petersen 1984). Heavy madiieds vanadium and nickel
usually exist in trace amounts in the form of ireig salts and oxides or in
porphyrinic structures (Morgen and Mulder 1995).

In bitumen, heteroatoms like nitrogen, sulfur, amd/gen are attached to the
carbon as part of the bitumen molecules in diffecemfigurations. The imbalance
of electrical forces within heteroatoms producedi@ole which imparts these
configurations with functionality and polarity. Tiedore, these configurations are
called functional or polar groups
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Some important functional groups are shown in FegRr2.1a (Petersen 1984).
Although there is only a minor amount of these fiomal groups in the bitumen,

they strongly influence the properties of bitumerd ats interaction with other

materials, such as stone aggregates. After reaatitbnatmospheric oxygen, extra
functional groups (Figure 2.2.1b) may form, whigad to bitumen’s hardening
and embritting. When these functional groups iasee to some extent, the
intermolecular interaction gets intensive. Whenjattied to loads, the bitumen
molecules or micelles are not sufficiently mobite flow past one another, and
consequently cracking or fracturing would happerorélevidence relating the
functional groups to failure of bitumen can be fdwrlsewhere (Petersen 1984,
Ding, Repka et al. 2006; Wang, Liu et al. 2006)

Table 2.2.1 Typical elements in bitumen (Plancteeen et al. 1976)

Bitumen sources

Elements Average
[wt.%)] Mexico Arkansas-LouisianaBoscan California Range
Carbon 83.77 85.78 82.9 86.77 82 -88

Hydrogen 9.91 10.19 10.45 10.94 8-11

Nitrogen 0.28 0.26 0.78 11 0-1
Sulfur 5.25 3.41 5.43 0.99 0-6
Oxygen 0.77 0.36 0.29 0.2 0-1.5

V(";‘;‘g/ig)m 180 7 1.38 4

('r\n“gfg) 22 0.4 109 6

Research indicated that the addition of hydrateek lto bitumen can reduce the
formation of functional groups, such as ketones eaudboxylic acids which can
increase the viscosity (Plancher, Green et al. 1B@é&rsen 1984). The reaction of
these functional groups with lime reduced theseogsy-building components
and consequently imparted the pavement with temdstnOther commercial
surface-active materials, such as antistrippinghesgalso work in a similar way.
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Figure 2.2.1 Functional groups in bitumen moleculasnormally present; (b)
formed on oxidative ageing (Petersen 1984)

It is impossible to discuss all types of molecusaructures which are highly
diverse in bitumen and formed under different cbads. However, it is possible
to separate bitumen into two chemical groups, degies and maltenes. The latter
can be further subdivided into saturates, aromaimd resins (Halstead 1985;
Roberts, Kandhal et al. 1996). Chromatographic odshtare most widely used to
obtain these four groups. Figure 2.2.2 shows a msahe process of the
chromatographic method. Corbett (1969) offered tiemical makeup and
physical properties of separate fractions in soyp&al bitumen ( see Table 2.2.2).
Although the four groups are not well defined ameré is inevitably some overlap
between each other, it does enable bitumen’s phlypioperties to be compared
with a broad chemical composition. However, the ralleproperties of the
bitumen are determined by the combined effect ese¢tfractions.

I

n-Heptant

I
Precipitate @FE
Asphaltene Adsorption-elution Chromatograg

on alumine
1

I 1 1
Elution with Elution with Elution with
toluene/methan toluene n-Heptane

Figure 2.2.2 Schematic process of the chromatograpéthod to separate
bitumen.
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The Shell Bitumen Handbook (1990) gives a moreildetalescription about the
characteristics of these four groups. The desonggiven in this handbook is give
hereafter:

Asphaltenes are n-heptane insoluble black or brown amorpholidsscontaining,
in addition to carbon and hydrogen, some nitrogsalphur and oxygen.
Asphaltenes are generally considered as highlyrpaitad complex aromatic
materials of fairly high molecular weight. Diffetermethods of determining
molecular weights have led to different values maggvidely from 600 to 300000
depending on the separation technique employedy hhee a particle size of 5
nm to 30 nm and a hydrogen/carbon (H/C) atomicorati about 1.1. The
asphaltene content has a large effect on the rgiealocharacteristics of bitumen.
Increasing the asphaltene produces harder bitumén avlower penetration,
higher softening point and consequently higherosgy. Asphaltenes constitute
5% to 25% of the bitumen.

Table 2.2.2 Chemical makeup and physical propenieseparate fraction in
bitumen (Corbett 1969)

Average number of atoms per molecule in the

Fractions
Saturates Aromatics Resins Asphaltenes
Paraffin chains 31 21 24 85
Carbon
_ Naphthene rings 14 17 18 29
atoms in
Aromatic rings 0 13 25 115
Hydrogen 85 94 105 350
Other atoms  Sulfur 0 0.5 1 4
presentas  Nitrogen 0 0 1 3
Oxygen 0 0 1 2.5
Molecular weight 625 730 970 3400
Softening point(°C) 19 24 77 190
_ Relative density (4°C) 0.89 0.99 1.05 1.15
Physical
. _ Dark
properties  Color White  Dark brown Black
brown
_ o o Solid or ,
Physical State Liquid Liquid o Solid
semi-solid

Resins are soluble in n-heptane; like asphaltenes theylangely composed of
hydrogen and carbon and contain small amounts yderx sulphur and nitrogen.
They are dark brown in colour, solid or semi-sa@itt very polar in nature. This
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particular characteristic makes them strongly aidlee3 hey are dispersing agents
or peptizers for the asphaltenes and the propodiaasins to asphaltenes governs
to a degree the sol or the gel type characterebttumen. Resins separated from
bitumen are found to have molecular weights rangmgn 500 to 50000, a
particle size of 1 nm to 5 nm, and an H/C atomioraf 1.3 to 1.4.

Aromatics comprise the lowest molecular weight naphthentereatic compounds
in the bitumen and represent the major proportiath® dispersion medium for the
peptized asphaltenes. They constitute 40% to 65%eftotal bitumen and are
dark brown viscous liquids. The average moleculaight range is in the region of
300 to 2000, they consist of non-polar carbon chainwhich the unsaturated ring
systems dominate, and they have a high dissolbrigyafor other high molecular
weight hydrocarbons

Saturates comprise straight and branch-chain aliphatic hgdrbon, together with

alkyl-naphthenes and some alkyl-aromatics. Theyarepolar viscous oils which

are straw or white in colour. The average molecwiaight range is similar to that
of aromatics and the components include both wandyreon-waxy saturates. This
fraction forms 5% to 20% of the bitumen.

2.2.2 Colloidal nature

The colloidal nature of bitumen was first recogdiz®gy Nellensteyn (1928) who
considered that asphaltene micelles with high mdbéeonveight were dispersed in
an oily medium with much lower molecular weight.€Ble micelles were covered
by resins which acted as dispersing agents to lksppaltenes peptized in the
medium (Morgen and Mulder 1995). It means thateéhsra gradual transition in
the colloidal system from central asphaltene chgsiethe oily medium.

According to the dispersion degree of micellesyrigéns are classified into three
types, “Sol”, “Gel” and “Sol-Gel”. Schematic diagna of previous two types are
shown in Figure 2.2.3.

In general, colloidal nature of bitumen is relatex the dispersion state of
asphaltenes, temperature and saturates contenthdn“Sol” bitumen, the
asphaltene micelles are fully peptized and havea gnobility due to sufficient
guantities of resins and aromatics. If the resim$ @aromatics are not sufficient to
peptize the asphaltenes micelles, they would astodurther, which leads to a
“Gel” type of bitumen. “Sol-Gel” type is just interediate between them. In
practice, most bitumens are of intermediate charadthe “Gel” character will
disappear as the temperature increases. Due toatesunon-polarity, a high
content of saturates will cause low solvency of texes to asphaltenes, and
consequently the agglomeration of asphaltenes.vigmsity of bitumen would
decrease due to this agglomeration.
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Figure 2.2.3 Schematic diagram of bitumen typesil™@eft) and “Gel” (right)
(Morgen and Mulder 1995)

2.2.3 Madification to bitumen

To improve the properties of bitumens, modifierglsias some polymers and
rubbers are available in the market. Thermoplastibers like styrene-butadiene-
styrene (SBS), styrene-butadiene-rubber (SBR) amdrge-isoprene-styrene (SIS)
are widely used in modifying bitumen. The formercensidered as the most
appropriate modifier (Yildirim 2007). It is produteby the polymerization of
polystyrene and central segment polybutadiene.rAffite reaction with a coupling
agent, linear or radial type of SBS can be obtainedue to the inherent
incompatibility between styrene blocks and butadidrocks, it is possible for
SBS to form a polymeric network in the bitumen. Tpaystyrene end-blocks
impart the strength to the copolymer while the wdnblocks endow it with
elasticity. Due to these characteristics, SBS cauigrove the properties of
bitumen in terms of low temperature ductility, \os¢ty and elastic recovery. King
et al. (1999) thought that Styrene-butadiene-rufB&R) imparted bitumen with
better ductility. Meanwhile, Yildirim (2007) consded that SBS gave a higher
tensile strength and had a better compatibilityhviaitumen. To optimize the cost
effectiveness of modified bitumens, high qualitgeapates are required.

However, some disadvantages can not be ignoretenuse of SBS (Polacco,
Stastna et al. 2006). SBS is an unsaturated rublch easily gets aged.
Mohammad, Negulescu et al (2003) found that eiglatryold SBS modified

bitumen recovered from the field had experienceénsive oxidation. Roque,
Birgisson et al. (2004) also found that SBS did Immte an effect on healing and
aging properties of the asphalt mixture.
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A saturated polymer, styrene-(ethylene-butylengeste triblock copolymers
(SEBS) is obtained by hydrogenation of SBS and besn introduced into
bitumen by Ho, Adedeji et al. (1997). Results iaded that less polarity limited
its compatibility with bitumen.

Thermoplastic polymers, such as polyethylene (Ri6)ypropylene (PP), and
ethylene vinyl acetate (EVA) are some alternativesd as bitumen modification
(Morgen and Mulder 1995). Non polarity of PE and RRads to a poor
compatibility with bitumen. Furthermore, their highystallization tendency could
also disturb the stability of the bitumen systermyVacetate increases the polarity
of the ethylene vinyl acetate (EVA) chain, and mhuiits crystallization ability
(Polacco, Stastna et al. 2006). Therefore, 5 wit%\A in 70 penetration grade
bitumen is commonly used in the UK (Morgen and Muld995). However, the
same disadvantages, such as high cost and theddégraphenomenon still exist.

Some reactive polymers are also attempted in tioeniein modification. As shown
in Figure 2.2.4, terpolymers of ethylene glycidyettmacrylate (GMA) were
introduced into bitumen (Yeh, Nien et al. 2005)la@o00, Stastna et al (2004)
thought that the epoxy ring in GMA mainly reactedhwcarboxylic group in
asphaltenes and formed an ester link between dhehn. Meanwhile, the epoxy
ring can also be opened by a hydroxyl group anevamydroxyl group formed on
the polymer main chain at the same time reacts mattt epoxy ring. In this way,
a polymer network involving bitumen molecules coble produced. Due to the
polarity and the formation of chemical bond withtubnen molecules, the
compatibility between polymers and bitumen is dyeahproved, as well as the
storage stability. However, it was difficult to danhine appropriate dosage of
reactive polymers and to control the reaction psece

CHa
‘ Ha
HyC C

H
C——CH,
\/
0

Figure 2.2.4 Structural formula of GMA

=

2.2.4 Bitumen’s natural relation with clays

The natural relation between the clay and the keturhas been researched by
petroleum scientists from Alberta, Canada. TheaB#sca oil sand deposits in
Alberta typically contain 6-14 wt. % of bitumen a&a-85 wt. % of clay minerals
such as quartz, kaolinite, illite, and montmorilten(Mt). However, these clay
minerals could adversely affect bitumen extracfrmm oil sands. It is considered
that bitumen recovery efficiency decreases as tfirseparticles increase. These
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fine particles are normally smaller than 44 micrteng in the oil sands (Hepler
and Smith 1994).

Clementz (1976) researched the interaction of Mhwietroleum heavy ends
whose main components were the resins and aspbsltiénvas concluded that the
basic nitrogen in heavy ends played a role in theogption on the surface of Mt;
the exchangeable cations on the Mt also causedaeaise in the absorption of
heavy ends, in the order of ’Na'<C&*<Mg?*. This order is due to different
hydration energy of these cations.

2.3 Summary
Based on the literature review, the following sumyr@an be given:

-- Due to the reinforcement from the inorganic Iaya two rather than in one
dimension (like fiber), the mechanical propertiegtifiness and strength) of
polymer-clay nanocomposites are superior to thode thlee pristine or
conventionally filled polymers.

-- The dramatic reduction in permeability of theno@eomposites is due to the
presence of dispersed large aspect ratio siliegters which are impermeable to
gas molecules. In addition, these layers increlaseeffective path length for gas
diffusion.

-- One important reason for the better thermaliltalis that the out-diffusion of
the volatile decomposition by-products is hinder@sl a direct result of the
decrease in permeability. Other reasons were stegjesuch as the contact with
inorganic layers could inactivate polymer molecutgsthe cross-link between
them could prevent the degradation of the matrix.

-- Clay minerals have some natural link with bitumm the oil sand. For
montmorillonite (Mt), basic nitrogen in heavy erafsitumen played a role in the
adsorption on the surface of Mt, and the excharigeaétions (K, Na', C&",
Mg®*) on the Mt also influence their interaction

-- Based on the advantages of PCNs, using montoraté nanoclay to modify
the bitumen with a content as used in the polyn3ei5(wt. %) seems to have
potential. Compared with polymer modifiers usedbitumen, nanoclay is an
inorganic material and inactive to some ambientoia; like oxygen and humidity.

-- High-shearing mixing method is recommended bseailis most accessible to
prepare bituminous materials not only in the lali,dso in the factory.
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3 PREPARATION OF
MONTMORILLONITE MODIFIED
BITUMEN

3.1 Introduction

Three types of montmorillonite (Mt) clay, MtO, M&nd Mt2 were used in this
study, which were provided yenhong Clay Chemical Factory, China. MtO is the
only inorganic clay, with Nacations residing in the interlayer space of NMhas

a cation exchange capacity (CEC) of 110 meqg/108g.dther two clays, Mtl1 and
Mt2 were obtained through organically treating Mtith octadecyl trimethyl
ammonium salt, and benzyl dimethyl hexadecyl amomonisalt, respectively.
After the replacement reaction, the surfactantooati (Figure 3.1.1a and b)
replaced N&cations and the inorganic Mt became hydrophobisteMnformation
about the characteristics of Mts is given in thiéofeing section.

CH
|\|]+/CH3

|
H4C

(a) Octadecyl trimethyl ammonium cation

H,C

3+
N
ch\/\/\/\/\/\/\/\/ \CH3
(b) Benzyl dimetthdxadecyl ammonium cation

Figure 3.1.1 Schematic molecular structure of quaty ammonium salt cations:
(a) in Mtl and (b) in Mt2
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Three types of base bitumen were involved in thiglyy with normal paving
grades, 40/60 (A), 70/100 (B) and 160/220 (C). éfilthem were provided by
Kuwait Petroleum Research & Technology B.V. Emgiricheological properties
of the bitumen are given in Table 3.1.1.

Table 3.1.1 Empirical rheological properties befanel after short and long terms
ageing

Bitumens Penetratioh@ 25°C [0.1mm] Softening potfC]
Fresi RTFOT PAV® Fresh RTFOT PAV
A (40/60) 42 27 17 50.0 55.4 61.6
B (70/100) 77 47 28 46.0 51.2 57.2
C (160/220) 171 100 46 38.4 44.2 52.0

2and ® were done according tBuropean standards, EN 1426 and EN 1
respectively’ means properties of the virgin bituménmeans properties of t
bitumen after aging in the rolling thin film oveest (EN 12607-1)7 mean:
properties of the bitumen after pressure ageingeldsst at 100 “CG(EN 14769
Note that PAV is performed after RTFOT.

3.2 Characteristics of montmorillonites

3.2.1 Thermal stability

Thermogravimetric (TG) and derivative thermograuinee(DTG) analyses are
based on continuously recording relative mass absing a material sample as a
function of a combination of temperature with tigwed addition of pressure and
gas composition. Differential scanning calorimebSC) is used to observe the
small energy changes that occur during these pdilysiocd chemical processes
(Rjeb, Labzour et al. 2005).

To characterize the thermal stability and decontmosiof the Mt used in this
research, simultaneous DSC-TG analysis was adoated conducted with a
thermal analyzer NETZSCH STA 449 C (Figure 3.2.4ing an atmospheric air
stream of 10 ml/min, while heating from room tengtare to 800 °C at a linear
temperature increase of 10 °C/min.

TG, DTG and DSC curves of the three Mts are shawhigures 3.2.2, 3.2.3 and
3.2.4. For all of them, thermal decomposition isgidered in three regions at the
studied temperature range. Initial mass loss isidated by the volatilization of
absorbed water below 200 °C (region [). Subsequeriie decomposition of
organic surfactant cations in Mtl and Mt2 takesglaetween 200 and 500 °C
(region 11). Dehydroxylation of the layered silieadbccurs between 500 and 800 °C
(region Ill) (Huskic, Brnardic et al. 2008). Due ttte absence of surfactants, MtO
shows no peaks in region Il (see Figure 3.2.2).
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Figure 3.2.1 Thermal analyzer equipment NETZSCH 48 C

In region | of the DTG curve for MtO (Figure 3.2.2) big volatilization peak

below 100 °C appears. There is a correspondingtkaduic peak on the DSC
curve. It was indicated that due to inorganic props, MtO easily absorbed the
water when it was exposed to the air. Although Mitid Mt2 were organically

treated by surfactants, the DTG volatilization peakhis region (Figure 3.2.3and
4) proved that water absorption still happened. Tecurves indicated that the
water contents for MtO, Mtl and Mt2 were approxiemat5%, 1 % and 2.5 %,
respectively. This content not only depends on tyme of Mt, but also on

environmental conditions, such as relative humidityshould be noted that the
polarity of water would negatively influence thedraction between the Mt and
bitumen. Therefore, a certain drying treatment ttog Mt is necessary before
modification. This treatment is described later on.

As shown from the DTG curves in Figure 3.2.3 andrdanic substances in Mtl
and Mt2 exhibit different decomposition fashiontiefe are two DTG peaks for
Mt2, and only one for Mtl in this region. This wdse to different molecular
structures and consequently different decompositiomechanisms. The
corresponding exothermic peak on DSC curves inglic#tiat oxydation reactions
of the surfactants took place with some volatiledakon products, such as GO

H,O and N. From the TG curves in this region, it can be wlalted that the

content of organic matter is 20.1% and 22.9% fot &hd Mt2, respectively.
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Figure 3.2.2 TG, DTG and DSC curves for Mt

110

100 -

70 -

60
0

100 200 300 400 500 600 700 800
Temperature [°C]

r 2.5

- 1.5

- 0.5

- -0.5

- -1.5

0

DTG [%/min]

Figure 3.2.3 TG, DTG and DSC curves for Mt1
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Figure 3.2.4 TG, DTG and DSC curves for Mt2

Figure 3.2.5 Vacuum oven used to dry the clay

The thermoanalyses described above indicatedhbatlts used in this study have
a good thermal stability under 200 °C. Therefohe temperature at which the
bitumen is modified will not influence the propesiof Mts because it is normally
below 180 °C. To eliminate the effect of the humyida vacuum oven (Figure
3.2.5) was used, in which the Mt specimen was &eA00°C and 0.01 MPa for at

least one hour before modification.
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3.2.2 Density

The density of Mt was measured to evaluate themelwontent of Mt in the
bitumen. By combing the TG results described earlieis also possible to
calculate the relative volume content of surfactamtorgano Mt.

The Ultrapycnometer 1000 equipment (Figure 3.2i§egpecifically designed to
measure the volume and true density of solid objethis is accomplished by
employing the Archimedes’ principle of fluid dispEment and Boyle’s law to
determine the volume. To assure maximum accuraeyfliid was replaced by a
gas which can penetrate the finest pores. In #8$, thelium is recommended
because its small atomic dimensions assure peioetraito crevices and pores
approaching one Angstrom (Y0m) in dimension. This size is smaller than the
basal spacing between two Mt platelets which ismadly larger than 1 nm (10
m). A few grams of dried Mt powder were needediltdife specimen cell (Figure
3.2.6Db) for the test. The results are given in &&bP.1.

Table 3.2rue densities of Mts

Clay True density [g/crh
MtO 2.7496
Mtl 1.7829
Mt2 1.8336

Figure 3.2.6 (a) Ultrapycnometer 1000 equipmentherdensity measurement
and (b) specimen cell
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Mtl and Mt2 were obtained through organically tiregtMtO with different
surfactants. The TG results indicated that theastaht's weight contents of Mtl
and Mt2 were 20.1% and 22.9%, respectively. Theemoar weight and volume
( @) Of the surfactants are much higher than thoseNaf, which are

illustrated in Figure 3.2.7. Therefore, the densityolid platelets of Mt1l and Mt2
can be thought as the same as that of Mt0. Baséldeotiensities of three Mts and
surfactants’ weight contents in two of them, thdaetant’s density and its volume
can be evaluated and results are given in Tabl2.3A3% indicated, the density of
surfactants in Mtl and Mt2 is smaller than thatb@timen (about 1.01 g/ch
Meanwhile, both the surfactants and solid plateddtsost occupied one half of
whole volume. These parameters were used to ctdceffective the aspect ratio
presented in Chapter 6.

¢surfactants
I et NetNa— A
Platdlets L ——=—= 0 —  pigdag— —+ + —+—
(a) (b)

Figure 3.2.7 Schematics of (a) before and (b) aftganic treatment to MtO

Table 3.2.2 Density and volume content of surfadtathe Mt

Density [g/cni] Volume [%]
Surfactants in Mtl 0.74 51.4
Surfactants in Mt2 0.83 51.3

3.2.3 Basal spacing (1)

In this study, a D/Max-RB diffractometer was adabte characterize the basal
spacing of Mts. The dried clay specimen was densa&tked in a plate holder with
a smooth flat surface. The X-ray tube in the appar@roduces X-rays with a
certain wavelength {) and scans the surface of the specimen which ioenta
crystal materials at different incident angles. ifsstrated in Figure 3.2.8, the
constructive interference of X-ray is recorded bg wetector when the lower
beam traverses an extra length d§iB9 which is equal to an integer multiple of
the wavelength f) of the radiation. This phenomenon can be expdesse
Bragg's law as follows:

2d sind = nA 3.2.1
where,
d = interplanar distance, specifically referringdg,in this study,
n = an integer, and
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6 =the angle between the incident ray and the soajtplanes.
Further information about XRD can be found elsewh@/ang and Wiley 2000;
Koo 2006).

Figure 3.2.8 Bragg diffraction. Two X-ray beamstwitlentical wavelength and
phase approach a crystalline solid and are refldayetwo different atoms within
it. According to the 2 deviation, the phase shift causes constructivefitgire) or
destructive (right figure) interferences (http:/leikipedia.org/wiki/Bragg's_law)

In this diffractometer, Cu-K radiation (40kV and 50mA) was used with
4=0.15406 nm andé ranging from 0.5° to 10° at a speed of 3°/min.cligh the
Bragg's law, the interplanar distaneg,, which is also called basal spacing of the
Mt, was calculated. The same method is also useexh chapter to characterize
the morphology of Mts after adding them to the iiéun.

@) I Mt2
d001:2 .6nm

Intensity

MtO
dgo1=1.3nm

20 []
Figure 3.2.9 Change of basal spacing of MtO aftefastant treatment
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As shown in Figure 3.2.9, the first diffraction pea the XRD curve for MtO was
at d,,, =1.3m which was calculated using Bragg’s law. After nimdition by

surfactants, the peak was shifted to a lower awpieh meant an increase y,, .
As indicated,d,,, increased from 1.3 nm to 2.1 nm and to 2.6 nnMtdr and Mt2,
respectively. The different change dp, is related to the molecular weight and
structure of the surfactants (Dubois 2000). AlthHoug, is changed due to the

surfactant, the extent of this change is not a fe&yor to determine the final
modification effect on the matrix.

3.2.4 Patrticle size

The Mastersizer 2000 laser particle size analyzas wsed to characterize the
particle size distribution of dried Mt specimenss shown in Figure 3.2.10, raw
MtO has a wide particle size distribution. Afteretlsurfactant treatment, this
distribution for Mtl and Mt2 becomes close to a taymal distribution and the

particle size in the natural state is increased¢chvbould be due to the surfactant
modification. It is noted that this method is peni@d on the assumption that the
particles are spherical and non-porous.

10 I
9 - —— MtO

8 —=— Mtl

7 - Mt2

Content [%]

3,
2 ~‘/
s
1

0.1 10 100 1000

Particle size [um]

Figure 3.2.10 Particle size distribution for each M

Researches indicated that quaternary ammonium ctanfs show fluorescent
properties. Some of these surfactants were thereimsed as fluorescent

-39 -



Chapter 3 PREPARATION OF MONTMORILLONITE MODIFIEBITUMEN

brightening agents (FBAS) (Kakehi, Maeya et al. Z98u, Long et al. 2006; Liu,
Zhang et al. 2010). Therefore, it is possible te the fluorescence microscope to
directly observe the particle size and shape chrmogVtl and Mt2. The Olympus
BH2-RFCA equipment (Figure 3.2.11) was used. A smmalount of clay powder
was randomly placed on the slide and illuminatedhwultraviolet light.
Fluorescent images for Mtl and Mt2 are shown inufég3.2.12a and b,
respectively. As indicated, the shapes for bothiglas are irregular with a size at
micrometer level. It seems that Mt2 has a strofigerescence. The reason could
be that benzyl groups on the surfactant in Mt2 pmemthis property. The
fluorescent property implies that it is possibleute this microscope to observe
the distribution of organo Mt in the bitumen. Soateempts are described in the
Chapter 4.

Figure 3.2.1Fluorescence microscope Olympus BH2-RFCA

Figure 3.2.12 Fluorescent images: (left) for Mtdl énght) for Mt2
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3.3 Specimen preparation

3.3.1 Equipments

Figure 3.3.1 Equipments used to prepare Mt modihiagmen

The equipment used in preparing Mt modified bituneshown in Figure 3.3.1.
The function of each of them is as follows:
a: The low speed mixer to primarily disperse the Mbithe bitumen.
The speed controller of low speed mixer.
High shear mixe(ESR-500).
Heating plate with a fan at the bottom.
Temperature sensor into the bitumen.
Temperature controller of the heating plate.

ECHES A

A square-holed screen stator (see Figure 3.3.1xtasen in the high shear mixer.
Compared with other screens, such as the one withiraular hole, the
configuration and fine internal tolerances of thiseen provide exceptionally high
shear rates which are ideal for the rapid size agalu of soluble and insoluble
granular solids.
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3.3.2 Preparation protocol

@ (b)
Figure 3.3.2 Two steps for preparing modified bieunm (a) dispersing the Mt
using the low speed mixer; (b) high shearing thetune

For the preparation of modified bitumen specimeti) g of base bitumen was
melted and poured into a 1000 ml cylindrical cameaiwith a diameter of 10 cm
placed on the heating plate. As shown in Figure23,3a certain amount of dried
Mt was gradually added to the bitumen and meanwhdpersed with a low speed
mixer at 100 rpm for ten minutes. Then, the highashmixer replaced the low
speed mixer to shear the mixture (Figure 3.3.2)tl@ screen of the temperature
controller in this figure, the red and the greember means the real and the target
temperature, respectively. The position of the hafadigh shear mixer within the
container can affect the mixing performance of th@chine. The recommended
initial position of the head is slightly off centeend approximately 2.0 cm above
the bottom of the container. Moving the head o# tientre produces a smaller
vortex enabling the mixer to operate at higher dpedthout splashing or spillage.

The effects of three important factors, high shepspeed, temperature and time
are discussed below. Generally, the high shear mskeuld run at the highest
possible speed without causing excessive aerasplashing or spillage. High
speeds will give faster mixing times and the best eesults in terms of particle
size reduction. Reducing the speed reduces theispesdficiency. However, high
shearing also produces huge energy into the spacame consequently increases
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its temperature. This effect is dependent on ffeed, and should not be ignored
for the bitumen specimen, the properties of whiem te influenced by the
preparation temperature. A preliminary test waggoered to check the influence
of high shearing speeds on the temperature chdrupgse B (70/100) bitumen.

200
180
OU 160
°
=)
< 140
(]
o
e
(]
= 120 —+9000r/min
—=—7000r/min
100 -
——5000r/min
80 T T T
0 5 10 15 20

High shearing time [min]

Figure 3.3.3 Influence of high shearing speed en¢mperature change of base B
(70/100) bitumen

200

180 - ke
160 - s

140 - o

Stable temperature [°C]

120

100 \ T T
3000 5000 7000 9000 11000

High shearing speed [r/min]

Figure 3.3.4 Relationship between stable tempezatnd high shearing speed of
base B (70/100) bitumen
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This base bitumen was prepared at different inteahperatures between 100 °C
and 140 °C; three speeds (5000, 7000 and 9000 wem® applied. The heating

plate did not work during the process of high simgarAs shown in Figure 3.3.3,

the specimen’s temperature increased and gradbaltame stable after a few
minutes which indicated a balance between thedissipation and absorption.

As observed from the curves at 5000 rpm and at 9p6Q the finally achieved
temperature was independent of the initial tempeeabf specimen but was
related to the speed. The relationship between tkaitustrated in Figure 3.3.4.
The temperature for preparing bitumen is often WellB0°C. Otherwise, the
bitumen could get aged due to the volatilization itsf oily components. As
indicated in this figure, a speed above 9000 rpdaiggerous to this base bitumen.
Besides of two fixed factors, environmental tempeea (25 °C here) and
specimen weight (450g), some other factors cowdd determine this relationship,
such as the penetration grade of the base bitumeth& viscosity change due to
the modification. Materials with a higher viscositged to be mixed at lower
speeds in order to keep the temperature stableo Aigh speed in that case would
result in an increase in temperature. All modiflatimens were prepared at a
temperature of 14545 °C. In this study, the comesing speed for each modified
bitumen can be found between 4000£1500 rpm to keepthin the expected
temperature range.

When the temperature and the speed were deterniirvegls needed to check how
the shearing time influences the properties obtiee bitumen. Figure 3.3.5 shows
the empirically rheological properties of Base B/{00) as a function of the time.
The bitumen was subjected to high shearing at adspe5200 rpm and at 145 °C.
Within the first one hour, its properties almost dot change. After two hours, the
penetration started to decline and softening pocreased a little, which is due to
ageing. To ensure a complete dispersion of thetlMtshearing time should be as
long as possible but without inducing any ageinfpafon the base bitumen.
Otherwise, it would be difficult to distinguish theodification effect by Mt. In
this study, a shearing time for one hour was ueedlf bitumens. The same check
was performed on other two base bitumens, andithege in these properties also
did not happen within one hour. In practice, itneaningful to decrease the
shearing time and increase the efficiency if thenesanodification effect or the
same dispersion state of Mt arrives within a shidnee.
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Figure 3.3.5 Penetration and softening point oelda$70/100) bitumen as the
function of high shearing time

3.4 Summary and conclusions

Three montmorillonites Mt0, Mtl and Mt2 were usedmodify bitumen. MtO is
the only inorganic clay and the other two were miad through organic treatment
of MtO by different surfactants. The research iatkd that this treatment
increased the basal spacing and meanwhile decrédsseensity of MtO.

The modified bitumens were prepared as follows. ¢56f base bitumen was
melted and poured into a 1000 ml cylindrical cam¢aiplaced on the heating plate.
A certain amount of dried Mt was gradually addedh® bitumen and meanwhile
dispersed with a low speed mixer at 100 rpm fomt@émutes. Then, the high shear
mixer replaced the low speed mixer to shear theurex All modified bitumens
were prepared at a temperature of 1455 °C. Thpeéeature didn’t influence the
properties of the clay modifier. The shearing speead between 4000£1500 rpm
for every bitumen specimen to keep it at the tagéemperature. A shearing time
of one hour was used which did not induce any agemthe base bitumen. After
high shearing, 280 g of modified bitumen was dididieto eight glass containers
to perform rolling thin film oven test (RTFOT). Aftwards, 100 g of short term
aged material was poured in two plates for longitaging in the pressure ageing
vessel (PAV). All specimens were cooled down andest for further testing. The
same process is preformed on the base bitumenwhbke preparation process is
schematically illustrated in Figure 3.4.1.
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Bitumen 450¢ Mt clay

mixing (10 min) and shearing (60 min)5+ 5 C

Loss 50g due to adhesi

v
Modified bitumen 400
Fresh 120g for testir

RTFOT 280g for eight glasse
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Figure 3.4.1 Schematic illustration for Preparingrivbdified bitumen
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Appendix A.1
Preliminary testing to select the montmorillonites

Besides three types of montmorillonites (Mt0, MtidaMt2) in this study, other
five types of Mts were also obtained from the marBasic information for them
are given in Table A.1-1. Mt3, Mt4, Mt5 and Mt6 wetreated by different
organic surfactants. Inorganic Mt7 has the cati@a$ living in the interlayer

space of nanoclay. However, the surfactant infoiloneor parts of organo Mts are
not offered by the company. Although some tests baegn attempted to
characterize these surfactants (see Appendix Ali8se tests did not give a
complete insight.

Table A.1-1 Organic modification of nanoclay

Interlayer spacing

Samples Surfactants (oo MM )
MtO Inorganic Nacations, purity > 95 % 1.3
Mtl Octadecyl trimethyl ammonium 2.1
Mt2 Hexadecyl dimethyl benzyl ammonium 2.6
Mt3 Quarternary ammonium 1.5
Mt4 Quarternary ammonium 3.5
Mt5 unknown 2.1
Mt6 Quarternary ammonium 24
Mt7 Inorganic Cécations, purity > 60 % --

Preliminary testing was performed in WHUT to selida&t montmorillonites, using
the penetration and the softening point tests. Sdme Mt content of 4 wt.% was
used to modify one base bitumen, AH-90 originatirgn northern oil field of
China. The results are given in Table A.1-2. Imparison, Organo Mtl and Mt2
influence rheological properties of base bitumercimmore. This indicates that a
strong interaction exists between the Mt and thenteén. What is more important
Is that their surfactant information was offeredtbg manufacturer. It is helpful to
understand the modification results when using éhego Mts. To make a
comparison between inorganic and organo Mts, Mt6 also selected, which was
offered by the same manufacturer.
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Table A.1-2 Empirical rheological properties

Bitumen ®Penetration at 25 °C [dmm] bSoftening Point [°C]
Base 77 46.0
+MtO 73 46.4
+Mtl 67 47.6
+Mt2 65 48.0
+Mt3 70 47.0
+Mt4 73 46.4
+Mt5 73 46.8
+Mt6 69 47.2
+Mt7 76 46.2

aand® were done according to European standards, EN 44@&N 1427,
respectively.
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Appendix A.2

Characterizing organic surfactants on montmorillonite clay using XPS
method

1 Introduction

The type of surfactant is a key factor to deterntiveeinfluence of montmorillonite
(Mt) on the matrix. Therefore, it is of fundameniatportance to know the
composition of the organic surfactant. Sometimess inot exactly clear which
type of surfactant is used on the Mts availabldhemarket.

In this study, an attempt using the X-ray photaetet spectrometry (XPS) was
made to characterize the organic surfactants onMwalays, Mt-A and Mt-B.
These two organo Mts were provided by differenty at@mpanies and totally
different from Mtl and Mt2. The content of this 8en has been published
elsewhere (Liu, Wu et al. 2010) .

2 Method

X-ray photoelectron spectroscopy (XPS) is a spsectpy technique that measures
the elemental composition, chemical state and releict state of the elements that
exist within a material (Carleya 2001). XPS speetra obtained by irradiating a

material with a beam of X-rays while simultaneouslgasuring the kinetic energy

(KE) and number of electrons that escape fromdapeltto 10 nm of the materials

being analyzed.

Because the energy of a particular X-ray waveleeginals a known quantity, the
electron binding energy (BE) of each of the emitdelctrons can be determined
using a following equation:

Ebinding=EphotonrExinetic—® (1)
where,

Evinging= IS the energy of the electron emitted from one tedecconfiguration
within the atom

Eonoton= IS the energy of the X-ray photons being used

Exineic= IS the Kinetic energy of the emitted electron aasneed by
the instrument, and

®= the work function of the spectrometer (not the malge

Each element produces a characteristic set of XdaRspat corresponding binding
energy values that directly identify the existent¢he element on the surface of
the material being analyzed. A characteristic pshKt will occur when the
chemical state of the element is changed, whichsed to speculate about the
existence of a related element.
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Some details of the XPS equipment used are sholewbe

Equipment type: XSAMB8O00, Kratos Ltd.
Vacuum condition: 2x10Pa

Resolution: 0.9 eV/104 CPS

Wide scanning range: 0~1000 eV

Fine scanning range for N1s: 395~415eV
Fine scanning range for Cls: 279~299eV

3 Results and discussion

Figure A.2-1a and b show a wide scan survey specfiar Mt-A and Mt-B,
respectively. The X-axis represents each elemafiggacteristic binding energy
of the electron emitted from one electron configgorawithin an atom and the Y-
axis reflects detected photoelectron counts peorgegCPS), i.e. intensity.
According to the captured surface element signakesponding to related
characteristic peaks, carbon, nitrogen, oxygengcosil and aluminum were
detected for both Mts. This indicates that the elets on the surface of both Mts
are similar.

19000 17000
CPS | Analyser Mode: FRR o CPS .
Resolution: Medium Analysgr Mode: .FRR o
P Resolution: Medium ~
Magnification: High c M ification: High C
Energy Range: X 1 agnification: . ig
Exciting Source: Mg Energy Range: X 1
Region 01: Wide EXC|.t|ng Sour(.:e: Mg
B.E. 1000.00-0.00eV Region 01: Wide
100mS per 0.25 eV B.E. 1000.00-0.00eV
Across Scan for 1 time 100mS per 0.25 eV
) Across Scan for 1 time !
SI\ /SI
I N I
N
0 \\\\\\\\\\\\\\\\\\\\\\\\ O\\\\\\\\\\\\\\\\\\\
1000 800 600 400 200 0 1000 800 600 400 200 0
Binding energy (eV) Binding energy (eV)
(a) (b)

Figure A.2-1 Wide scan survey spectrum for (a) Mau#d (b) Mt-B

High energy resolution XPS spectra were used terphe the chemical state of
the element being detected. An example of the haghrgy resolution XPS

spectrum for carbon is given in Figure A.2-2 (Beg998). In this example, an
envelope curve of carbon was obtained. Due to tkistemce of different

functional groups, the characteristic peak of cara@uld shift towards a higher
binding energy from the typical alkyl carbon pedkasound 285 eV. Through
professional spectrum analysis software, otherataristic peaks representing
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the different chemical state of carbon in the eslatunctional group can also be
obtained.

CPS| 5500

T T T T
298 294 290 286 282 278
Binding Energy (eV)

Figure A.2-2 Example of high energy resolution XB@ctrum for carbon at
different states (Briggs 1998)

It was expected to observe the difference betweganic surfactant cations in
both Mts. So the spectrum analysis focused on ldgments carbon and nitrogen.
High energy resolution XPS spectra of these twoelds are shown in Figures
A3 and A4, respectively. In Figure A.2-3, it wasifa that both carbon spectrums
are single, symmetrical and similar, with the peak284.8 eV and 285.0 eV
respectively. So based on the element analysidtsesod the example shown in
Figure A.2-3, it can be concluded that some orgdmnctional groups, such as
carboxylic, hydroxyl, ketone etc., do not existhe carbon chains of two organic
cations in both Mts. The chemical state of carlboMt-A and Mt-B mainly exists
in the form of C-C. However, because the photoedectbinding energies of
carbon in the form of C-C and C=C are very closés impossible to decide the
existence of C=C through XPS.
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16000
CPS

Figure A.2-3 High energy resolution XPS spectrumciarbon in Mt-A and Mt-B

3400
CPS

2700

Figure A.2-4 High energy resolution XPS spectrumnitrogen in Mt-A and Mt-B

As shown in Figure A.2-4, there is a significanffelience in the position and
configuration of the nitrogen peaks. The nitrogpactrum for the Mt-A is almost
symmetrical with a peak at 402.5 eV, which meamas jirst one chemical state of
nitrogen exists. Compared with the spectrum forNti€d, the nitrogen spectrum
peak for the Mt-B shifts to the position at 401\band shows a clear asymmetric
curve. The photoelectron binding energy of nitrogerthe form of quaternary
ammonium is within the range of 401.5 to 402.5 @riggs 1998). It can be
concluded that both Mts contain quaternary ammorgations, the most common
surfactants used in the modification of the Mt. Keer due to the asymmetry of
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the nitrogen XPS spectrum for the Mt-B, it is supgd that other chemical states
of nitrogen are also possible. Therefore, the ggroXPS spectrum may contain
other unresolved peaks.

Fitting /:' '
f ) /Envelope curve

curve

Quaternary-N,
401.687 eV

399.800 eV

411 409 407 405 403 401 399 397 395 393 391

Binding Energy (eV)

Figure A.2-5 Processing of high energy resolutidASXspectrum for nitrogen in
Mt-B

With the professional spectrum analysis softwareSpéak4.1, two peaks were
obtained at 401.687 eV and 399.8 eV and thein§tturves are combined close
to the envelope as shown in Figure A.2-5. The pdletdron binding energy of
nitrogen in the form of amine, amide, nitrile, canide etc. is in the range of 399
to 400 eV (Briggs 1998). However the above analgdishe carbon spectrum
indicates that the ketone (RCOR’) doesn’t existha carbon chains. Therefore,
the existence of amides (RCOMNHnd carbamide (CO(NHg)is not realistic. In
order to detect the accurate molecular structurth@forganic surfactant cations,
nuclear magnetic resonance (NMR) is necessarynexastudy. It could detect the
existence of C=C bonds and more accurate estinmateeomolecular structure of
surfactant.

4 Conclusions

The X-ray photoelectron spectroscopy was adopted characterize the
composition of the organic surfactant cations oo twontmorillonites from the
market. Research indicated that the surfactants wet the same. The surfactant
in Mt-A only contained quaternary ammonium surfatsaThe other surfactant in
Mt-B showed two states of nitrogen: quaternary amionm and probably amine or
nitrile. In general, C-C bonds could be detected weell for the two surfactants
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and there were no other functional groups, suchaalsoxylic, hydroxyl, ketone
etc. However it was unclear if the surfactants Ga€ bonds.
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4 STRUCTURE OF NANOCLAY
IN MODIFIED BITUMEN

4.1 Introduction

In this chapter, main techniques are introducedjchvhare often used to
characterize the structures of bitumens and nanpostes. Based on this
introduction, some methods were attempted to apatfie structure of Mts in
modified bitumen. The obtained results are combiiwednalyze the properties of
modified bitumens in next chapters.

4.1.1 Structures of base and modified bitumens

Base and polymer modified bitumens’ structures Hasen studied using optical,
electron and scanning probe microscopy technigyesolme researchers (Loeber,
Sutton et al. 1996; Wu, Pang et al. 2009). Atornoicé microscopy (AFM) has
become popular for observation of the surface obitamen film with the
advantage of no specimen preparation and the \aldit operate at ambient
temperature. Bitumen is normally described as biclall dispersion of asphaltene
micelles in the maltenes. The resins as polar coes in the maltenes act as the
stabilizer for the asphaltene micelles. Figure 4shows the “bee” structure of a
gel bitumen visualized by AFM with a tapping mod#is structure was believed
to be attributed to asphaltene networks (LoebettoSuet al. 1996). The AFM
method was also used to characterize the ageiraylmem (Wu, Pang et al. 2009).
As shown in Figure 4.1.2, a bigger bee-like strreetappeared on the surface after
PAV aging.

Data type Amplitude
Z range S0.0 nm

Figure 4.1.1 AFM tapping mode image of a gel bitarfileoeber, Sutton et al.
1996)
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10um b 10 um
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Figure 4.1.2 AFM images of base bitumen (a) betmd (b) after PAV ageing
(Wu, Pang et al. 2009)

Scanning electron microscopy (SEM) and environmesizanning electron

microscopy (ESEM) are also used to observe theasairktructure of bitumen
(Loeber, Sutton et al. 1996; Rozeveld, Shin e1@97). The SEM images of a gel
specimen (Figure 4.1.3a) show the same networktsiiel as shown in an AFM
images (Figure 4.1.1) but with smaller pores (abbt2 um in diameter) and
interconnected spherical particles with a diametexpproximately 100 nm. In the
SEM image (Figure 4.1.3b), Loeber, Sutton et aB9@) thought that some
polymer threads were adsorbed onto the asphaltamielps. It is noted that extra
specimen preparation and the vacuum and low-terper#esting environments
in this method can influence the surface structirbitumen compared with that
under ambient conditions.

Polymer thread

(a) (b)
Figure 4.1.3 SEM images of (a) a gel bitumen andp@bymer modified bitumen
(Loeber, Sutton et al. 1996)

With respect to polymer modified bitumens, fluomsce microscopy (FM) is
most often used to observe the dispersion of coatis and discontinuous phases.
As shown in Figure 4.1.4a, the continuous phase ibitumen matrix with
dispersed polymer particles (appears white herg}hA polymer content increases
from 3% to 9%, the continuous phase is a polymerirwith dispersed bitumen
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globules (Figure 4.1.4b). The polymer is swollenagorbing the light aromatic
components in the base bitumen, resulting in amease in volume of added
polymer by 4 to 10 times. Lu and Isacsson (1997ptpd out that the SBS
polymer network should not be confused with the $B&tinuous phase at a high
polymer content. Because the network may existh@ polymer-rich phase
presenting as discrete particles (Figure 4.1.4a) the polymer-rich phase as
continua (Figure 4.1.4Db).

(b)
Figure 4.1.4 Fluorescence images of polymer matiifikcumens with (a) 3% and
(b) 9% Kraton linear SBS D-1101 (Lu and Isacssa®7)9

It is noted that SEM, AFM and FM only reveal sudaeatures which can not
represent the internal structure of materials. 8legrand Forbes (2004) adopted
confocal laser-scanning microscope (CLSM) to exantlme asphaltene network
structures in situ. They considered that the ligibured flecks in Figure 4.1.5
were asphaltene aggregates with a typically siz2-ofum dispersed in a darker
maltene matrix. By comparing the CLSM images of-m@xy and waxy bitumens,
Lu, Langton et al. (2005) proved that the featwbserved with CLSM (Figure
4.1.6) were actually wax crystals. Waxy bitumensnfrdifferent crude origins
displayed a large variation of structures, varyfrgm tiny needles to elongated
needles, flakes and even crescent shaped structures

k]

Figure 4.1.5CLSM image of (a) 180/200 and (b) 80/100 bitumen
(Bearsley and Forbes 2004)
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() (b)
Figure 4.1.6 Comparison of CLSM images for bitunf@nwithout and (b) with
6.2 wt. % waxy (scale: 10um) (Lu, Langton et al020

4.1.2 Structures of clay in the polymer

y i Pt

s — ,’/ !
(a)

Phase separated Intercalated Exfoliated
{microcomposite) {nanocomposite) (nanocomposite)

Figure 4.1.7 Scheme of different types of compaaiteing from the interaction of
layered silicates and polymers: (a) phase separamecrocomposite; (b)
intercalated nanocomposite; (c) exfoliated nanoamsite (Alexandre and Dubois
2000)

As summarized by Alexandre and Dubois (2000), tnaén types of composites
(Figure 4.1.7) may be obtained when a layered idassociated with a polymer,
depending on the nature of the components usedr@dysilicate, organic cation

and polymer matrix) and the method of preparatidhen the polymer is unable
to intercalate between the silicate layers, a pleegmrated composite (Figure
4.1.7a) is obtained, whose properties stay in thmes range as traditional
microcomposites. Beyond this classical family ofmpmsites, two types of
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nanocomposites can be observed. Intercalated wteufEigure 4.1.7b) in which a
single (and sometimes more than one) extended m@ulyhain is intercalated
between the silicate layers resulting in a welleoedl multilayer morphology built
up with alternating polymeric and inorganic layevéhen the silicate layers are
completely and uniformly dispersed in a continupal/mer matrix, an exfoliated
or delaminated structure is obtained (Figure 4)1.7¢c

The structure of the nanocomposites has traditipmelen characterized using X-
ray diffraction (XRD) and transmission electron roscopy (TEM) (Koo 2006).
Due to the periodic arrangement of the silicateetayboth in the pristine and the
intercalated states, with periodicity of 1-4 nm ahé presence of high atomic
number species in the layers, the choice of X-nffyadtion in determining the
interlayer spacing is obviougAlexandre and Dubois 20Q0)ypical XRD patterns
for the three structures illustrated in Figure 4.dre shown in Figure 4.1.8. Curve
(a) represents an “immiscible” system (here polyletine/organo-silicate), and is
identical with the XRD curve of the neat organadesile. For the intercalated case
of curve b, the basal spacing shifts to a high&revas the gallery (interlayer space)
expands to accommodate the intercalating polymerve&C c means a typical
exfoliated or delaminated structure or a disordexysiem (Vaia, Vasudevan et al.
1995).

3 Orm
|‘I
i
[
|' '| 2 2nm
& M W delaminated
E II| |I || Mwwu I:l:)
E "., | | 15nm
\u.,_ J w 1.0nm
mtemalated ——" (h)
immiscible I'ﬁ 1.1lmm
_.“?H_T"'-’uf. L \.\L‘hm ﬂ"‘._fr“:“'"fﬁ— (ﬂ)
1.0 3.0 50 7.0 = i
2 Bideg)

Figure 4.1.8 Typical XRD patterns from polymeritsilie hybrids (Vaia,
Vasudevan et al. 1995)

XRD can not provide definite information regarditg structure of an exfoliated

or a delaminated nanocomposite. This is becausege kpacing exists between
the layers (i.e. exceeding 8 nm in the case of recdexfoliated structure) or
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because the nanocomposite does not present ordanygore (i.e. destroyed
crystal structure). In this case, TEM has provenb® an extremely useful
technique to characterize the nanocomposite mooglgolFigure 4.1.9 shows the
TEM micrographs obtained for nanocomposites (Amma&dl et al. 2007).
Besides these two well defined structures (inteteal and an exfoliated), other
intermediate organizations can exist presenting baercalation and exfoliation.
In this case, a broadening of the XRD diffractiaak could be observed and one
must rely on TEM observation to define the ovesallicture.

Figure 4.1.9 High-resolution TEM micrographs of (#e nylon 6-kaolinite
nanocomposite and (b) the nylon 6-montmorilloniteisite 30B nanocomposite
(Ammala, Hill et al. 2007)

4.1.3 Summary

For the bituminous materials, the characterizatbthe structure focuses on the
surface area using SEM, AFM and FM at micrometeelleWith respect to
nanocomposites, more internal structures are cteized using XRD and TEM
at a nanometer level. In this study, both groupshef equipments were used to
characterize Mt structures in bitumen.

4.2 Methods

4.2.1 XRD

The same diffractometer introduced in Chapter 3 agapted to characterize the
basal spacing ¢g;) of Mts in the bitumen. More information about ttheory can
be found in Chapter 3 or elsewhere (Wang and WARJ0; Koo 2006). In this test,
Cu-Ka radiation (40kV and 50mA) was used witkr0.15406 nm andé ranging
from 0.5° to 10° at a speed of 3°/min. To makedpecimen, hot liquid bitumen
was poured on an aluminum holder (Figure 4.2.1tyighng on silicone paper.
After cooling down to the room temperature, a speci with a clear and smooth
surface (Figure 4.2.1 left) was obtained. This atefwas exposed to the X-ray
radiation during the test.
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Figure 4.2.1 Bitumen specimen used for XRD test

4.2.2 X-ray computed tomography (CT) scanning

The X-ray computed tomography (CT) scanning hashesed in the field of
pavement research to analyze the aggregate paytiele well as voids in
bituminous mastics and mixtures in three dimens{dhislsen 2007). In this study,
the Nanotom CT scanner (Figure 4.2.2a) from Pheemay Systems+Services
Inc. was used to directly observe the Mt's struetarthe bitumen. It can provide a
non-destructive three-dimensional visualization adracterization of objects
with a highest resolution of about 1 micron achteea samples with a maximum
size of about 2 mm. As illustrated in Figure 4.2.2lhigh power nanofocus X-ray
tube emits a series of x-rays at different angteseaich time after a small rotation
of the sample core. The strength of the rays issorea by the detector after they
have passed through the core. Then, a series eflitwensional images are taken
in a cross section of the core. Contrast in argam@epends on differences in X-
ray absorption which is closely related to the congnts’ densities in the core.
With the program datos|x-reconstruction, a 3D vaumodel is constructed by
integrating the recorded images of the core andnaltessary geometrical
information is saved. The X-ray tube in this equgminhas a high voltage up to
180kV, power up to 15 W and a minimal focal spaesmaller than 0.9um.

The specimen core in this test is a plastic pip@ widiameter of 3mm into which
the bitumen in liquid state is sucked. A Focal madges used for testing.
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Figure 4.2.2 (a) Nanotom CT scanner and (b) itesetically mechanism

4.2.3 Fluorescence microscope and other methods

The same Olympus BH2-RFCA fluorescence microscéipé) (as introduced in
Chapter 3 was used to observe the Mts in the brurie@ make a specimen
(Figure 4.2.3), a bead of bitumen was dropped antacroscope slide and placed
on a heating plate at 100 °C to melt for one minWéen the bitumen becomes
liquid, it spreads out to form a round film withdaameter of about 8 mm. At that
moment, the heating is stopped and the slide it Waglisturbed with a cover. The
test was performed after its cooling down to roemperature for two hours.

Figure 4.2.3 Bitumen specimen under the fluorese@nicroscope

The DI Nanoscope IV atomic force microscope (AFMgswused to observe the
surface feature of Mt modified bitumen. A tappingde was adopted because this
mode is suitable to test soft materials while pneivg the tip from sticking to the
surface in ambient conditions. At this mode, thenigular silicon cantilever with a
constant force of about 0.57 N/m and the fundanheatonance frequency near
73 kHz were adopted. The same preparation methatiéd-M test was used.
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4.3 Results and analyses

4.3.1 XRD

As shown in Figures 4.3.1, 2, 3 and 4, the basatisg (@o;) of Mts before and
after mixing with bitumen were characterized usiKBD. After mixing with
bitumen, the first diffraction peak in most curveshifted towards a lower angle
which means an increase igyd According to Bragg’s law, @; and its increase
rate before and after mixing were calculated ared résults are given in Table
4.3.1. In base A and B (see Table 3.1.1), Mtl1 an@ Mxd increased inygl with
almost a factor 2. However, they exhibited a re&dyi small change (46.0% and
37.3%, respectively) in softer base C. Accordingrigure 4.1.7 and the examples
in Figure 4.1.8, it can be concluded that for Mid aMt2, intercalated structures
have formed in the three base bitumens. Anotheortapt characteristic is that
intercalated structures commonly have more, eventaud3 order peaks or
reflections in the XRD curve compared with the phte(Vaia, Vasudevan et al.
1995). The only inorganic MtO shows little changedy; which means that it
owns an immiscible or a phase separated struaturase B.

I Mt2
d001=2.6nm

Intensity

MtO
d001=1.3nm

20 []
Figure 4.3.1 XRD curves of Mts before mixing witiumnens
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Mt2
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Mtl
d001:4.4nm
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26 []
Figure 4.3.2 XRD curves of 4 wt.% Mts in base A

Mt2in B
dgo1=4.4nm

Mtlin B
doo1i=4.2nm

Intensity

MtO in B
d001:1.5 nm

26 []
Figure 4.3.3 XRD curves of 4 wt.% Mts in base B
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Figure 4.3.4 XRD curves of 4 wt.% Mts in base C

Table 4.3.1 Basal spacingyfg of Mts after mixing with bitumen at 4 wt.%

Specimens @[°] Basal spacingdd; [nm] fIncrease rate inggh [%]
A+4%Mt1l 2.01 4.4 52.2
A+4%Mt2 1.94 4.6 42.9
B+4%Mt0 5.90 1.5 13.1
B+4%Mt1l 2.11 4.2 50.0
B+4%Mt2 2.02 4.4 40.5
C+4%Mtl 2.27 3.9 46.0
C+4%Mt2 2.13 4.1 37.3

*: calculated using Bragg’s lawgd,,,Sird=A (here, A=0.1540€).

# equal t0(daner = Apetore) ! d perore 10C. Here, d, ... andd,,,, mean the basal
spacing of Mt before and after mixing with bitumesspectively.

It was mentioned above that the structures of Mthiea matrix depend on the
nature of the components used and the method ph@mgon. Different bitumens
and Mts have been used in this study and two strestwere formed, the
intercalated for organo Mt and the phase separatedhorganic Mt, using the
same preparation method. It was indicated thathilgh-shear mixing method
could not result in an exfoliated structure of Ntsthe bituminous matrix. The
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reason could be that the exfoliated structure ofwith a specific surface area
(BET) normally bigger than 100%g is not stable in the liquid bitumen because of
its huge surface energy. The Mt layers would autmaldy gather together to
reduce this energy, and consequently stabilizenhele system. This can easily
occur when the viscosity of the matrix is low. Tdmaller do,change of Mtl and
Mt2 in the softer base C also reflects the inflent the viscosity or the state of
the matrix on the Mt structures.

As introduced in Chapter 2, synthesis methods &moromposites mainly include
solution intercalation, melt intercalation, roll lhmg, in-situ polymerization and
high-shear mixing (Koo 2006). High-shearing mixisgnost accessible to prepare
bituminous materials not only in the lab, but aisahe factory. To achieve an
exfoliated state of organo Mt, two other physicathods, melt intercalation and
roll milling are recommended for future researcheTmatrixes in these methods
are close to solid, and the silicate layers carlyegst exfoliated and stay stable.

Recently, an exfoliated structure of Mt in bitunwrserved by XRD has also been
published (Galooyak, Dabir et al. 2010). The authsranned the specimen with
20 from 1.5° to 15°. The beginning 21.5°) is much high and hard to reflect the
first diffraction peak. Therefore, the intercalatetdte could be mistaken for the
exfoliated.

4.3.2 Micro-CT Scanning

Figure 4.3.5a and b present CT scanning images+dP@At0 at the maximum
resolution (around &m) in 3D and 2D, respectively. Clay particles okedrare
at micrometer level. To make a comparison also, $€anning on a mortar
containing normal filler was performed. The mortamsisted of bitumen and
Wigro 60k filler with the ratio of 1:1 by weight.hE size and components of
Wigro 60k filler can be found in Table 7.2.3, Clexpt. The mortar CT images
show a dense patrticle distribution (Figure 4.3.6¢ do higher filler content, but
similar shape and size as MtO (Figure 4.3.5). Tisns that the structure of MtO
in the bitumen is just like that of conventionallefi. This structure also
corresponds to the tiny change of its basal spaoeigre and after mixing with
bitumen as observed from the XRD curves. It maydbe to the fact that the
hydrophilic surface of natural MtO exhibits poomgeatibility with the bitumen,
which makes it difficult for the bitumen moleculiesenter the interlayer space of
MtO. However, it was not possible to observe Mtil 8t2 from Figure 4.3.7a and
b. This means that a high dispersion for Mt1 an@ BHiists in the bitumen, which
Is out of the resolution of CT scanning at microandg¢vel.
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Figure 4.3.5 CT scanning (a) 3D and (b) 2D crossise images of MtO particles
with 4 wt.% in base B bitumen

Figure 4.3.6 CT scanning (a) 3D and (b) 2D crossise images of mortar
(base B bitumen:Wigro 60k filler = 1:1 by weight)
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Figure 4.3.7 CT scanning 2D images of (a) Mt1 dndIt2 with 4 weight%
in base B bitumen

4.3.3 Fluorescence image

As introduced in Chapter 3, Mtl and Mt2 are flucesd due to the presence of
quaternary ammonium surfactants on the surfacayaréd silicate, which makes
it possible to observe them in bitumen using theriéscence microscope. Figures
4.3.8a and b show the fluorescence images of B+4%okitd B+4%Mt2,
respectively. A few Mtl particles could be distilghed at a micrometer level.
Due to higher fluorescence, it was easier to oles&ti2 particles under the same
conditions. Compared with SBS modified bitumen (f&4.3.9), both B+4%Mtl
and B+4%Mt2 show lower fluorescence.

Figure 4.3.8 Fluorescence images of (a) B+4%Mt1(apd+4%Mt2
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XRD results indicated that the organo Mts swell daethe intercalation of
bitumen molecules. Therefore, the particles obgskmefluorescence images are
not pure clay and can be called as clay-rich phaBesse phases should have a
similar density as bitumen. Otherwise, it is poestb observe them using the CT
scanning based on the density difference.

Figure 4.3.9 Fluorescence images of 5% D1101SBSfiradditumen

4.3.4 Other methods

AFM was used to scan an area of 15*157pmepeatedly. A 2D image was
preserved and shown in Figure 4.3.10. Typical “bsglctures can easily be
observed and one of them was particularly scanhedhegher magnification and
presented in a 3D perspective view. According i® 3D image, a major pleat can
be found, which enables the formation of a “beeliure in the 2D image. A

similar “bee” structure had been reported earldagson 2006and was believed

to be attributed to the asphaltenes in bitumen. ¢l@w it is hard to catch the
existence of the Mt on the surface of the bitumien by using this method.

Figure 4.3.10 AFM image of B+4%Mt1l
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The transmission electron microscope (TEM) methag wied but failed because
some small bitumen molecules easily evaporatedtaltlee vacuum environment
at ambient temperature. An environmental TEM metlsodecommended in the
future.

4.4 Summary and conclusions

Different methods have been used to observe thetstes of inorganic and
organo Mts in the base bitumen. XRD results inédidathat an intercalated
structure for organo Mts was formed in the thresebbitumens used. A phase
separated structure was found when natural Mt veasl un one base bitumen.
Micro-CT images further proved that natural Mt acli&e the conventional filler
at a micrometer level, probably due to its hydrbphsurface causing poor
compatibility with the bitumen. Due to the high gkssion, it was hard to find
organo Mts in the bitumen with the CT scanner. Hoaveit was possible to
observe them using the fluorescence microscopealtiee fluorescent properties
of the surfactants on the Mt. Because the bitumetecnles had entered the
interlayer space of organo Mt, the observed pagidre not pure clay and can be
called as clay-rich phases. Meanwhile, these prhstsasld have a similar density
as bitumen. Otherwise, the CT scanning could firaht at a micrometer level. It
was not possible to catch the existence of Mt @endiwrface of the bitumen film
using the AFM method. An environmental TEM methedecommended in the
future.

A high-shearing mixing method is the most accesstrle to prepare bituminous
materials not only in the lab, but also in the dagt The results indicated that this
preparation method did not result in an exfoliaducture for Mts in the
bituminous matrix; just intercalated and phase #pd structure were formed,
depending on the type of Mt. The reason could la the exfoliated structure
normally has a high specific surface area (normialiger than 100 Ayg) and is
not stable in the liquid bitumen. The smaller simoechange of organo Mt in the
soft base bitumen observed using XRD reflectsitiflsence (the state of matrix
or its viscosity) on the final structure of Mt. Taxhieve an exfoliated state of
organo Mt, two other physical methods, melt inte&attan and roll milling are
recommended for future research
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5 AGEING PROPERTIES

5.1 Introduction

Bitumen ageing is one of the main reasons for dspla@ement failure. In this
chapter, the influence of montmorillonites (Mts) i@ ageing properties of base
bitumen is evaluated. Firstly, some background aboe ageing of bitumen will
be given.

5.1.1 Ageing effect

Normally, ageing effects on bitumen are classifrgd two stages: short term and
long term (Morgen and Mulder 1995; Roberts, Kandétaal. 1996). Short term
ageing takes place during mixing, storage, trartgpon, laying and compaction
of the mixture. In the first period of mixing, thimtumen films, with a thickness of
several micrometers on the aggregates, easilyggset @hen they are exposed to
air at temperatures ranging from 135 °C to 180ACGhat moment, oxidation and
volatilization of oily components are the main @asor the ageing. For the next
periods, ageing continues but at a slower rate.

Long term ageing refers to the hardening of biturdenng the service life of the
asphalt mixture. Compared with short term ageihg, ageing rate is less and
longer time periods are needed to obtain equivageing. The type of mixture
has a big influence on the ageing rate. For exammdeous asphalt concrete,
which is widely used in the Netherlands, has a dngdir void content, which is
leading to a much quicker ageing than dense asghalto the easier entry of air.

Figure 5.1.1 illustrates how bitumen ageing is dlgyeg as indicated by means of
the viscosity ratio from the mixing to the servstage.
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Figure 5.1.1 Effect of short and long term ageifndghe bitumen as indicated by
means of the viscosity ratio (Morgen and Mulder3)99

Apart from oxidation and volatilization as mentionabove, also some other
factors contributing to ageing of bitumen have beeported. All of them are
summarized and defined as follows (Roberts, Kandhal. 1996):

-- Oxidation: Oxidation is the reaction of oxygeitiwbitumen, the rate depending
on the character of the bitumen and the temperatinis reaction is easier to take
place with the presence of ultraviolet (UV) light.

-- Volatilization: Volatilization is the evaporatiocof the lighter fractions from the
bitumen and is primarily a function of temperatudsually, it is not a significant
factor contributing to long term aging in the pawsn

-- Thixotropy: Thixotropy (steric hardening) is eogressive hardening due to the
formation of a structure within the bitumen ovepexiod of time. This hardening
can be destroyed to a degree by reheating and mgpthke material. It is generally
associated with pavements which have little or nadfic and its magnitude is a
function of the bitumen content. It is a physidardening which may be
attributed to molecular structuring, i.e. the reorgation of asphalt molecules to
approach an optimum thermodynamic state under leeific set of conditions
(Petersen 1984).

-- Polymerization: Polymerization is a combinatioinsimilar molecules to form

larger molecules, resulting in a progressive harderAt low temperatures, the
rate of association is considered slow as a restiligher viscosity of the binder.
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-- Syneresis: Syneresis is an exudation reactiomhich the thin oily liquids are
excluded to the surface of the bitumen film. Wikte telimination of these oily
constituents, the bitumen becomes harder.

-- Separation: Separation is the removal of the @bnstituents, resins, or
asphaltenes from the bitumen caused by absorpgtiorsome porous aggregates.

Some other factors, like humidity, light, microlmgical deterioration, and the
interaction with mineral aggregates have also beensidered (Anderson,

Christensen et al. 1994; Roberts, Kandhal et &6)1Based on these factors, it is
concluded that the ageing process in the field ainatextremely complicated

chemical and physical reactions. Among these factotidation and volatilization

are two fundamental and irreversible effects ondfeing of bitumen (Petersen
1984)

The change of physical properties of bitumen duageing is a function of the
chemical change of each component. As shown inr€i§ul.2, oxidation causes
the transformation of naphthene aromatics (nonfp@amponent) to polar
aromatics (resins), and further to polar asphatienvehile another non-polar
component saturates had no reaction (Domke, Dawtsah 1999).

________________________________________________

Non - polar polar

Figure 5.1.2 Schematic diagram of bitumen compaemving towards polar
fractions due to ageing

Component transformation involves several eventduding oxidation at the
molecular level and structuring at intermoleculadl. Some oxidation products
are formed, such as carbonyl, sulfoxide, carboxgfibydrides and small amounts
of other highly oxidized species (Bell, Sosnovskeak 1994; Petersen and
Harnsberger 1998; Wu, Pang et al. 2009). Carbddy)) and sulfoxide (S=0)
are most representative and often used to charseténe ageing degree of
bitumen in the lab and the field (Lamontagne, Duetaa. 2001; Hagos 2008; Wu,
Pang et al. 2009).
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It is proposed in literature that the formationcafbonyl and sulfoxide is the result
of free radical reaction (Kelemen, George et a@Qt®uyang, Wang et al. 2006).
Although some mechanisms are argued in acadengi@otmsensus reached is that
ageing makes bitumen hard and brittle, and finddlgds to the failure of the
pavement.

5.1.2 Improvement of bitumen ageing

Polymer modifiers have been adopted to improverti@ological properties of

bitumen. In practice, styrene-butadiene-styreneS)SBtyrene-ethylene-butylene-
styrene (SEBS), ethylene vinyl acetate (EVA) ete. @sed for different purposes
and applications (Lu, Isacsson et al. 1999). Rebeardicated that the ageing
behaviour of some modified bitumen gets improved tuthe breakdown of the
polymer. Although the breakdown of the polymer mezkithe number of large
polymer molecules, and consequently the effectisginé the polymer, this change
is believed to produce a reduction in viscosity akhipartially balances the

hardening of the base bitumen thus enhancing aesistto ageing (Isaccson 1999;
Hagos 2008).

Based on the known thermo-oxidative mechanism d $8polymer degradation
and the present experimental evidence, Cortizol.et2804) suggested that the
initial polymeric free radicals would react withrse asphalt components with
C=C double bond producing a link between them, iagdeasing in the polarity
and the molecular size of modified asphalt comptmeBased on this theory,
Ouyang et al. (2006) considered that the SBS copetyseemed to protect the
asphalt fraction trapped in the polymeric netwagkiast oxidation.

Two antioxidants, zinc dialkyldithiophosphate (ZDDRand zinc dibutyl
dithiocarbamate (ZDBC) with 1 wt % were added ttypwer modified bitumen by
Ouyang et al. (2006). Research indicated that sdamts could delay the
oxidation of the PMA by the inhibition of peroxidesd radical scavenging, to
further prevent propagation of the free radicalicloa to prevent the formation of
the peroxy radicals. Due to the complexity of thturen system, the proper
mechanisms need further investigation.

The mechanisms for ageing improvement introducedveabare always

accompanied by a series of chemical reactions. h&sreéactions continue, the
effectiveness of the modifier in improving this betour of bitumen will be

reduced. In this chapter, Mt nanoclay used to nyothie bitumen has good
physicochemical stability. It was expected that @wale effect and barrier
properties of Mt platelets could prevent the peagn of oxygen and

consequently improve the ageing resistance. Thexetbis is a kind of physical
method which could effectively retard the oxidatioinbitumen in the long term
ageing
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5.2 Characterization methods

5.2.1 Simulation in the lab

The rolling thin film oven test (RTFOT) (EN 12607-and the pressure ageing
vessel (PAV) (EN 14769) were used to simulate thertsterm and long term
ageing of bitumen, respectively. For RTFOT, eighlincrical bottles with an
opening as shown in Figure 5.2.1 are placed invam @t 163 °C. In each bottle,
50 g of bitumen is placed. The bottles rotate gawusel, and hot and fresh air is
periodically injected into the bottles at a ratel600 + 200 ml/min for 75 min.

After ageing, some tests were performed, such astgaion, softening point and
dynamic viscosity, to determine the ageing propserbtf the bitumen. The weight
change of the specimen is recorded. According teadick and Baselice (1997),
loosing weight and gaining weight can take placaufaneously due to the
volatilization of oily components and oxidation bitumen itself. Therefore, it
became difficult to evaluate the ageing effect emms of weight change of
specimen. Parmeggiani (2000) proposed the nitraghimg thin film oven test
(NRTFOT) in which nitrogen instead of air was iriggt into the bottle. In this
case, the extent of volatilization of bitumen candzcessed. On the other hand,
the effect of the loss of oily components on prapsrof the remainder can also be
evaluated.

Figure 5.2.1 Rolling thin film oven test (RTFOT)ugment (left) and the bottle
for holding the specimen (right)

The thin film oven test (TFOT) (EN 12607-2) is alsged to simulate short term

ageing of base bitumen. In comparison, RTFOT predw#more severe ageing of
the bitumen because the rolling effect exposes rfresh bitumen surface to the
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hot airflow, and more volatilization happens. Hoeewvthe rolling effect on the
bitumen has something to do with its viscosityled test temperature (normally
163 °C). Bitumen with a high viscosity will flowaker in a rolling bottle under
the influence of gravity than a low viscosity bitem It means that the RTFOT
procedure does not provide equivalent oxidationddams for materials with
viscosity (or consistency) differences, such a® misimen and polymer modified
bitumen (PMB) (Hagos 2008). A steel rod with thensdength as the bottle was
placed into the rolling bottle to reduce the inflae of viscosity on the exposure
of bitumen (Bahia, Hislop et al. 1998). The rod kemt as a roller and rotated due
to its gravity in the bottle. In this way, the ragds expected to uniformly expose a
bitumen film. However, results did not show the rmned ageing effect on
modified bitumen which has a higher viscosity.

Figure 5.2.2 Pressure ageing vessel equipment

According to the norm EN 14769, the pressure ageasgel (PAV) (Figure 5.2.2)
is usually adopted to simulate the oxidation precémt takes place during the
service life of the pavement. The bitumen firstlyffers the short term ageing
using the RTFOT method. 50+0.5 g of specimen isrgubun a pan with a
diameter of 140 mm. The thickness of the film i®@h3.2mm. Then, the pan is
placed on a shelf rack. The number of pans dependfie amount of bitumen
required for the subsequent tests. Typical tesengperatures used in PAV are 85
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°C, 90 °C, 100 °C and 110 °C. 100 °C was used it dtudy. The higher
temperatures may make this ageing procedure ubtaiitar evaluation of bitumen
containing some polymers as they could exhibit esgagfion that does not occur
during the service life. The applied air presssr2.i+0.1 MPa for 20 hours.

Compared to the RTFOT method, it seems that the R#thod is a static test
because the specimen container is not moved. Howswee foam could be
observed on the surface after the test. This ibghly due to the high air pressure
during the test. An example for the base bitumedd®is shown in Figure 5.2.3.
It means that the air easily penetrates into thei®n under the high pressure and
the applied temperature. The extent of foam is déget on the viscosity of the
bitumen and the testing temperature. The foam @ad&csome dynamic interaction
between the bitumen and air during the test praeeditherefore, the PAV ageing
procedure could also be considered as a dynamiogtgest.

Figure 5.2.3 the surface foam after PAV ageingterbase bitumen 70/100
In Europe, there are also other methods to simudétgnen ageing. All of them

are summarized by Hagos (2008) and listed in Tal?el. It is observed that
RTFOT and PAV used shorter testing times than athmeilar tests.
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5.2.2 Ageing evaluation

After artificial ageing in the laboratory, some uriten properties are changed.
Ageing is normally evaluated by measuring some Idwgcal property (e.g.
penetration, softening point and viscosity) bef@med after ageing (Lu and
Isacsson 1998), as well as some chemical propefites tests used in this study
are introduced below.

5.2.2.1 Rheological methods

The empirical rheological properties, penetrati@N{426) and softening point
(EN 1427) are used to evaluate the hardening ahleh due to ageing (Morgen
and Mulder 1995), as follows:

: . __Penetration after in
Retained penetratlon—e clration afier agein: 5.2.1

Penetration before ageir

Change in softening pointz-T, 5.2.2
where,
T,,T, =the softening point before and after ageing, eespely.

In general, ageing characterized by means of teanggndex (Al ) in this chapter
is defined as:

=L 5.2.3
Ifresh
where,
et |;ged‘ = the rheological parameters of the bitumen (ssctoanplex

modulus or viscosity) before and after ageing, eetpely.

The Al value is used by Lu and Isacsson (1998) to ewalilegt ageing properties
of polymer modified bitumen (PMB). The rheologigarameter used in that study
was the complex modulus. A high value of tAe means a high degree of
bitumen ageing. As shown in Figure 5.2.4, ageidices of PMB can be higher or
lower than the index of one. This was believed ¢ode to degradation of the
polymer and oxidation of the bitumen. Therefore,dnd Isacsson thought that the
Al used here was not a suitable parameter in caB®BE. Meanwhile, it did not
seem to be possible to apply a certain value ofatieang index in characterizing
PMB ageing properties. Ageing analyses of moditiéiimen should also take
into account the effect of ageing on the modiftself, e.g. what is the effect of
ageing on the polymer in polymer modified bitumen.
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Figure 5.2.4 Temperature dependence of the RTF@M@gndex (G y.|/|Gres|)

at 1 rad/s (Lu and Isacsson 1998)

5.2.2.2 Chemical characterization on ageing

Many researches adopted the Fourier transformradrdFTIR) spectroscopy to
characterize the ageing behaviour (Bell and Sos«®0%¥894; Lamontagne, Dumas
et al. 2001; Hagos 2008; Wu, Pang et al. 2009urBé&n ageing is a complex
series of chemical reactions involving oxidatiomradlecular level and structuring
at intermolecular level (Bell and Sosnovske 19®)e to oxidation, there are two
major products, ketones (C=0) and sulfoxides (S#8)shown in Figure 5.2.5a,
characteristic peaks of C=0 and S=0 after ageiadamated at 1700 ¢indue to
the stretch vibration of carbonyl group and arod®30 cni due to the stretch
vibration of sulphoxide group, respectively (WunBat al. 2009). The increase in
the area under these two peaks is usually usedsitribe the ageing degree. With
respect to SBS modified bitumen in Figure 5.2.6le, peak at around 968 &m
was caused by the stretch vibration of chain seggneh butadiene and was
becoming lower due to the degradation of SBS.

Besides of the functional group method, there #nercchemical methods. The gel
permeation chromatography technique (GPC) is géiweused to record the

molecular weight distribution of bitumen before aaiter ageing (Hagos 2008).
The Gaestel index (IC) was used to characterizecttenge in the chemical
composition before and after ageing and definefdl&swys:

_ Asphaltenes+Saturat 5.2.4

IC
Aromatics+Resins
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Figure 5.2.5 FTIR spectrum of bitumen before aridradgeing: (a) base bitumen,;
(b) SBS modified bitumen, at the mode of absorbde, Pang et al. 2009)

In this chapter, FTIR spectra of base and modifitgimens were recorded using
a Thermo Nicolet Model Nexus FTIRRaman spectrophotometer. The version of
analysis software was Omnic 6.2. The specimen pa@ipa followed the
experience of Wu, Pang et al. (2009). 5 % bitudgrweight was dissolved in
carbon disulfide. Then, a certain amount of sotutveas dropped onto the KBr
stage and dried by the infrared lamp to form a Blpecimen.

5.2.2.3 Summary

Accelerating ageing in the laboratory is based @mes mechanisms in terms of
increasing the temperature, the size of surfaca asposed to air or oxygen,
environmental pressure, and decreasing the spearfien thickness. Therefore,

the ageing analysis should be performed usingitferent artificial mechanism as
produced by the different types of the equipments.

Due to the complex ageing behaviour of bitumennigue ageing indicator is not
enough in some cases to characterize the ageimgyioein. Ageing analyses of
modified bitumen should also take into account #ffect of ageing on the
modifier itself, e.g. what is the effect of ageing the polymer in the case of
polymer modified bitumen.
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5.3 Ageing results and analyses

5.3.1 Empirical rheological properties

Tables 5.3.1 and 5.3.2 give the penetration antemsioy point values of all
bitumens before and after ageing, which were peréalr according to European
standards, EN 1426 and EN 1427, respectively. Tuitian of Mts at the same
weight content of 4% changes these values of tlee H@tumens to different
degrees. In general, the organio Mts, especiall®, Mdan strongly influence these
rheological properties. The only inorganic MtO adnited a little bit to the change
of empirical rheological properties of base B. Thmy be due to a weak
interaction with the matrix. In the previous chapté has been shown that CT
scanning images also indicated that the MtO existeéde bitumen as normal filler
particles at micrometer level. It was speculateat th weight % of filler hardly
changes the properties of bitumen. The changleesktproperties also depends on
the type of base bitumen. For example, the sameaiahw Mt2 made a decrease
of 13% and 14% in the penetration of base B anldr@er than that of 9.5% in the
case of harder base bitumen A.

Table 5.3.1 Penetrations at 25°C (0.1mm) before aitet short and long terms
ageing

Test values Mean value Standard deviation
Fresh RTFOT  PAV® FreshRTFOTPAV FreshRTFOTPAV
A (40/60) 41 42 42 27 26 28 191617 42 27 17 06 10 1,6
A+4%Mtl 39 40 38 28 26 30 151917 39 28 17 1,0 20 2,0
A+4%Mt2 38 38 37 27 27 26 151613 38 27 15 05 05 15

Bitumens

B (70/100) 7377 80 49 47 46 292628 77 47 28 35 15 15
B+4%Mtl 70 67 72 52 54 51 293128 70 52 29 25 16 15
B+4%Mt2 66 67 69 44 46 45 262729 67 45 27 16 10 16
B+4%Mt0 71 73 75 46 48 50 302929 73 48 29 20 20 0,8

C (160/220)174171169 97 100102464746 171 100 46 25 25 0,8
C+4%Mtl 160163158102103100434542 160 102 43 26 15 15
C+4%Mt2 146148147 89 94 91 444545 147 91 45 10 25 05
2 means properties of the virgin bitum&means properties dfie bitumen after agir
in the rolling thin film oven test (EN 12607-F)means propertiesf the bitumen aftt
pressure ageing vessel test (EN 14769 at 100 °C).
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Table 5.3.2 Softening points (°C) before and afteart and long terms ageing
Test values Mean values
Fresh RTFOT PAV Fresh RTFOT PAV
A (40/60) 49,5 504 551 556 619 614 50,0 554 61,6
A+4%Mtl 514 51,1 56,0 56,1 624 62,1 512 56,0 62,2
A+4%Mt2 52,3 528 575 57,3 64,2 643 526 574 64,2

Bitumens

B (70/100) 459 46,2 51,3 510 57,1 573 46,0 51,2 57,2
B+4%Mtl 46,1 46,6 50,4 500 57,2 575 464 50,2 574
B+4%Mt2 48,0 48,1 52,7 52,4 58,7 589 480 52,6 58,8
B+4%Mt0 46,1 46,3 51,3 516 570 574 46,2 514 57,2

C (160/220) 38,3 38,4 44,1 443 52,3 518 384 442 520
C+4%Mtl 40,3 41,2 451 454 53,6 532 40,8 452 534
C+4%Mt2 42,3 42,8 474 47,7 553 556 426 47,6 554

Ageing properties of bitumens are normally evaldaly measuring rheological
properties (e.g. penetration, softening point anscosity) before and after
artificial ageing in the laboratory. Retained peatbn and increment in softening
point are very important indices to characterize d@lgeing properties of bitumen.
Higher retained penetration and lower incremensaftening point means better
ageing resistance.

Figure 5.3.1a shows the retained penetration valoeshe base and modified

bitumens after RTFOT ageing. For the three basergns, this value decreased
with increasing penetration grade, which means Hase bitumens themselves
show different ageing resistance. They also shaliffarent increase in retained
penetration due to the addition of organo Mtl arP.Mkhere was an increase
between 6% and 7% for base A, between 7% and 13%afee B, and between
3% and 5% for base C. This means that organo M{gawes the short term

ageing resistance for base bitumens, especiallpd&se B. In comparison, Mtl

leads to a better improvement in ageing resistdhaa Mt2. Due to inorganic

characteristic, MtO contributed less to the ageesystance for base B.

After further ageing by PAV, the retained penetnativalue for all bitumens
decreased to a lower level shown in Figure 5.3Abhough the modified

bitumens still show higher values than that of tiese ones, the difference
between them is rather small. This indicates thatNit modification gives a less
effective improvement in terms of PAV results thaRTFOT results.

As shown in Figure 5.3.2a, RTFOT ageing causesiamase in softening point.
In general, a lower increment in softening poinsufes in a higher retained
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penetration. After the RTFOT ageing, PAV ageingultesl in a significant

increase in softening point for all bitumens (ségufe 5.3.2b). Meanwhile, the
softening point values of the base and modifiedurnéns became more
comparable. Therefore, it is hard to distinguisk #geing properties of these
bitumens in terms of increment in softening poité@PAV ageing.
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Figure 5.3.1 Retained penetration for all bitumafter (a) RTFOT ageing and (b)
PAV ageing, respectively
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During the RTFOT procedure, the viscosity of thetamnal has to be taken into
account because it will influence the ageing efficly. For example, a material
with a high viscosity will flow slowly in the rolig bottle under the effect of
gravity whereas the one with low viscosity willWayuickly. Different flow speed
could result in a variation of exposure of freshtenal to air. In other words, the
increase of viscosity could decrease the ageirgcetin the specimen. Therefore,
it becomes complicated to evaluate the ageing teesis of materials with
different viscosities using the RTFOT method.
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Figure 5.3.2 Increment in softening point for atuimens after (a) RTFOT ageing
and (b) PAV ageing, respectively
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Figure 5.3.3 shows the retained penetration vdalgusiscosity values for the base
and modified bitumens. The viscosity at 150 °C Wwhi@s obtained based on EN

13702-1 is used in this figure. Although it shobkel more reasonable to adopt the
viscosity at the testing temperature of 163 °@as$ regarded that the viscosities at
these two temperatures were very close and therdrite between them would

not influence the trend of test results.

75
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A A+4%ME2
A
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s 07 e Braoemi
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» m C+4%Mt1
£ 65 1| 0CH%NMR2 .
. 1 O,'(
% - 1—’,—l~\
Q A (40/60)
3
£ st
15 o
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"' C (160/220)
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Dynamic viscosity [10'3 Pa-s]

Figure 5.3.3 Retained penetration versus dynamsmogity at 150 °C for base and
modified bitumens

For base bitumens, soft C shows a low retained tpstien, hard A has a high
retained penetration, and B is just in the middilee relationship between retained
penetration and viscosity at 150 °C shows a lineamd. This proves that the
viscosity of bitumen can influence the ageing efftddRTFOT.

With respect to the modified bitumens, their regdirpenetration increases with

increasing viscosity. However, these data pointshia figure were not on the
trend line of base bitumens; they are located altlorgeline. This means that the
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improvement of ageing resistance was not only duthé¢ increase of viscosity,
but also due to the enhancement of Mt particleshm ageing behaviour of
bitumen. Especially, Mtl contributed a little teetbhange of the viscosity of base
B, but a relatively high increase in its retainet@tration.

5.3.2 Fundamental rheological properties

Although the measurement of empirical rheologicebperties did reflect the
ageing properties of base and modified bitumensjag not possible to apply a
certain factor in comprehensively characterizinge thgeing behaviour. A
fundamental method was recommended in which thanggeas characterized by
the ageing indexAl ) defined as:

Al = Gfged\ 5.3.1
‘Gfrah‘
where,
‘G?r@‘and‘G;ged‘ = the complex modulus of the bitumen before anéraft

artificial ageing, respectively.

Figures 5.3.4 and 5.3.5 show t& curves of base A and B as a function of
temperature at four frequencies after RTFOT agam)PAV ageing, respectively.
At a high frequency, such as 100 rad/s or 10 rabésAl values for both base
bitumens increased with increasing test temperatéfeer 40 °C, it gradually
reached a plateau at which the became almost stable. With respect to a low
frequency, such as 1 rad/s or 0.1 rad/s, thereawasak on the curve between 20
°C and 40 °C, which was more obvious at 0.1 rafiie. Al values at different
frequencies became closer at the extreme tempesadfir10 °C and 60 °C. This is
because bitumen at these extreme temperaturestaieaahed its glassy or fluid
state which reduces the sensitivity of the agemidex on the temperature and
frequency. The change in trend of these curvesates that thedl of the base
bitumens A and B is more sensitive at a low fregyeand at non-extreme
temperatures. Therefore, the frequency of 0.1 nedfsadopted to characterize the
ageing properties of modified bitumens.
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Figure 5.3.4 Ageing indices for base A as a fumcted temperature at four
frequencies after (a) RTFOT and (b) PAV ageingpeetively

3.0
—— 0.1 rad/s
--«- lrad/s
-
O
LL
[
ad
I3
kS
m
©
<
<
<,~E|’:'
1.0 ¥ T T T T T T
-10 0 10 20 30 40 50 60 70

Temperature [C]

(@)

Al of B after PAV

10
—o— 0.1 rad/s
g | lrad/s
~a--10 rad/s
6 |
4 g4 S m
2 o a
Ai)_ ‘‘‘‘ g'—':".
O T T T T T T T
-10 0 10 20 30 40 50 60 70

Temperature [C]

(b)

Figure 5.3.5 Ageing indices for base B as a fumctod temperature at four
frequencies after (a) RTFOT and (b) PAV ageingpeetively. Original data are
given in Table 1 of Appendix B

As shown in Figures 5.3.6a and b, all curves of the base and corresponding
modified bitumens show a similar trend. A high value means a high degree of
bitumen ageing. The curve of base A was locatethattop of the clusters in
Figure 5.3.6a and was followed by the curves of %Mt2 and A+4%Mtl,
respectively. This implies that base A has a neddyi poor ageing resistance and
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the addition of Mts could change this behaviourcémparison, Mtl gave more
improvement of the ageing behaviour of base A ntloae Mt2.

As indicated in Figure 5.3.6b, the curve of B+4%NKO/ery close to that of the
base. This indicates comparable ageing propereésden them. Generally, the
curves of B+4%Mtl and B+4%Mt2 were located at tbidm of the graph, which
implies improved ageing behaviour. However, it i$ficllt to compare the
behaviour of B+4%Mtl with B+4%Mt2 because theirvas crossed between 20
°C and 30 °C. This may be due to different tempeeasusceptibility of the
modified bitumens.

As shown in Figures 5.3.7a and b, the curves famadified bitumens after PAV
ageing became closer to those of base A and B. ifipdies a less effective
improvement in the long term ageing resistancegchvhvas also concluded from
the empirical rheological properties discussechan firevious section. The reason
for this could be because the oxygen under higespre of 2.1 MPa and at the
temperature of 100 °C weakens the barrier effedfliohAnd it becomes easier for
the oxygen to penetrate the bitumen film.

The improvement of the short term ageing behavmuthe modified bitumen
could be due to the high surface area of Mt andeguently its barrier property.
This property not only hinders the penetrationt® bxygen molecules, but also
increases their average path length (Osman, Mittal. 2007). This interpretation
is illustrated in Figure 5.3.8. For bituminous nmatks, another reason could be
that the volatilization of the oily components dsases due to this barrier property.
Although less effective ageing improvement was olese from the PAV results,
it is believed that the long term ageing behavicam be enhanced in the field
because the temperature and the air pressure wareclmmpared to the test
conditions. The function of Mt could work well dog the service life due to its
stable physicochemical properties.

Original data of the complex modulus (G*) of based aodified bitumens before
and after ageing are given in Tables 1 and 2 ofeAppx B.
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Figure 5.3.6 RTFOT ageing curves for (a) base Aiehodified bitumens and
(b) base B and its modified bitumens
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Figure 5.3.7 PAV ageing curves for (a) base A @amdniodified bitumens and (b)
base B and its modified bitumens
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Figure 5.3.8 Schematic of the penetration of oxyiggr) the base andb() Mt
modified bitumen

As observed from the ageing curves in this sectiba,Al value of base and
modified bitumens is more sensitivity at a tempa@trange between 20 °C and
40 °C. The ageing values at this range are giveifable 5.3.3. To build a
relationship with the retained penetration at thenas temperature, a mediah
value at 25 °C was obtained based on the valu28 &€ and 30 °C. As shown in
Figure 5.3.9, there is a linear relationship betwte two evaluation methods for
RTFOT and PAV, respectively. It is logical that ttrendlines have a negative
slope because a low value and a high retained penetration both meard go
ageing resistance. As observed, the trendlinen®PtAV was steeper than that for
the RTFOT. It was shown that the PAV ageing redubedbitumen’s sensitivity
to the penetration. Therefore, it is more suitableharacterize ageing after PAV

with the Al (the ratio of|G,..|/|G}.|) instead of retained penetration.

Table 5.3.3A1 values (the ratio 0f6;|/|Gie
and PAV test

) at key temperatures after RTFOT

Bitumen Al after RTFOT Al after PAV
at 20°C at 30°C at 40°C at 20°C at 30°C at 40°C

A (40/60) 2.5 2.7 2.7 6.3 8.6 8.7
A+4%Mtl 1.8 2.2 2.2 5.6 7.7 8.1
A+4%Mt2 2.0 2.3 2.3 6.2 7.8 8.1
B (70/100) 2.2 2.6 2.5 6.7 9.1 8.8
B+4%Mt0 2.2 2.6 2.4 6.3 9.0 8.5
B+4%Mt1 1.5 2.4 2.3 4.7 8.6 7.9
B+4%Mt2 1.7 2.2 2.1 6.0 8.5 7.7
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Figure 5.3.9 Relationship between ageing index e of |G,.,|/|G/.|) and
retained penetration at 25 °C after RTFOT and Pé&lrag, respectively

5.3.3 FTIR method

FTIR was used to evaluate the ageing behaviourtahbtlified bitumen. First, the
FTIR tests on two pure Mts, inorganic MtO and oat2 were performed; their
full spectra ranging from 4000 ¢hto 600 cni are illustrated in Figure 5.3.10.
For the inorganic MtO, the asymmetric stretchingraiion and the symmetric
stretching vibration of the hydroxyl (-OH) group® abserved at 3608 ¢hand
3403 cnt, respectively; in-plane bending vibration of th@©H- groups is
characterized at 1627 ¢inThe broad band with the maximum at 980 camd the
small peak appearing at 909 ¢rbelong to out-plane and in-plane stretching
vibrations of Si—O bonds of the tetrahedral sileygers; the peaks at 791 and 615
cm* imply the Si—O and Al-O bending vibrations of thetahedral and tetrahedral
silica-alumina layers (Sarier, Onder et al.; Onadl &arlkaya 2008). Due to the
modification, Mt2 has more characteristic peakg #symmetric and symmetric
stretching vibrations of the —CH3, —-CH2 and —CHugo are observed at 2918
and 2848 cn, respectively; the peak of scissoring vibratiohs®H2 is revealed
at 1464 crit; some distinctive peaks are also observed at ##3and 651 ci,
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indicating the presence of the surfactant. Compaved MtO, a slight shift of
some local peaks on the spectra of Mt2 could té&keepdue to the modification.

MO
3403
v 1627
o 5
8 791
S 909
=
. ‘—qﬂ\f—_ﬂ_ﬂﬁ~\VV;§4s 1464
2918

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Figure 5.3.10 Full spectra for two pure Mts, inangaMtO and organo Mt2 at the
range from 4000 cthto 600 crit

FTIR is also adopted by many researchers to obgbe/evolution of chemical
structures of bitumen as a result of ageing (Laegme, Dumas et al. 2001; Wu,
Pang et al. 2009). According to previous reseas:hetperience, two important
functional groups on the base B are characterineitie FTIR spectra shown in
Figure 5.3.11. One is the carbonyl group at 1700 cand another is the
sulphoxide group at 1030 émBoth of them belong to the stretching vibrationl a
are formed due to the oxidation, dehydrogenatiahansslinking reactions taking
place at the same time (Siddiqui and Ali 1999). There severe the oxidation
reaction is carried out, the more carbonyl and lsmtple groups are formed.
Therefore, the relative content of these two growgss used to represent the
ageing degree of bitumen (Lamontagne, Dumas eR@1; Hagos 2008). As
observed in Figure 5.3.11, the sulphoxide groumdse sensitive to the ageing,
and its band becomes broader as the ageing prot@edRTFOT to PAV (see
right part of this figure). With respect to the lmamyl group, it seems that the
RTFOT ageing did not produce this group. Howevee tarbonyl group is
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affected by PAV ageing. The sulphoxide group shawslearer evolution of
ageing than the carbonyl group.

In terms of B+4%Mt2, some characteristic peaks wuthe addition of Mt2 are
observed in Figure 5.3.12, such as the —OH grouB8@8 cni'. Especially, there
are two peaks 1100 and 1040 tmvhich should be strongly related to the Si-O
peaks on Mt2 (see Figure 5.3.10). Unfortunately,shiphoxide peak at 1030 ¢m
was covered by the peak at 1040 twhich seriously interrupted the observation
of the evolution of ageing. As was the case for lthee bitumen, the carbonyl
group was only observed on the PAV spectra of nedlibitumen.

Due to the interference of the Si-O in the Mt wikie characteristic peak of the
bitumen, it was hard to characterize the evolubmodified bitumen before and

after ageing. As mentioned above, the FTIR peaktiercarbonyl group in the

modified bitumen was not influenced by the additadrihe Mt and only appeared
after PAV ageing. Therefore, this functional grarguld be used to characterize
the ageing evolution of the Mt modified bitumen thgsigning different ageing

protocols which should at least generate a highgemg effect than the standard
RTFOT, e.g. simply increasing the test time of RTFO

Compared with the chemical method described in $iistion, the rheological

methods discussed in the previous two sectionsnare useful to characterize the
ageing properties of Mt modified bitumens.
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Figure 5.3.11 Ageing evolution of base B (70/10@yien characterized by the
FTIR from fresh to the PAV aged state
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Figure 5.3.12 Ageing evolution of Mt2 modified biten characterized by the
FTIR from fresh to the PAV aged state

- 908 -



Chapter 5 AGEING PROPERBIE

5.3.4 Morphology change after ageing

XRD was performed to observe the change of Mts’phology due to ageing. As
shown in Figure 5.3.13, the XRD peak for B+4%MtleaRTFOT was the same
as that for the fresh. However, it moved a litbevards a higher @2value after
PAV ageing. As given in Table 5.3.4, basal spacipg shrank from 4.24 to 4.11
nm, which means a decrease g,y 6.6% from RTFOT to PAV. With respect to
B+4%Mt2 (Figure 5.3.14), its peak began to shiftliea after RTFOT, and its
peak band after PAV even becomes smaller. As itetican Table 5.3.4, ¢, of
B+4%Mt2 after RTFOT and PAV ageing reduced by 4.4%d by 9.4%,
respectively.

Because the Mt is highly dispersed into the bitura@iar high shear mixing, its
surface area becomes very large. Therefore, théaldrs would automatically
accumulate to reduce the surface energy in theneituat a liquid state. Especially
during the PAV test with a high air pressure (2.P&)l this activity takes place
easier. Therefore, there is always a certain degfeshrinkage of g, after PAV
ageing. The accumulation of Mt would reduce itslesoaffect and negatively
influence its contribution to ageing resistancéitdmen. This could be one of the
reasons that we see a less effective improvemethieifPAV ageing resistance of
modified bitumen.

2 Mt1

[0}

c

e

= Fresh_B+4%Mt1l
RTFOT_B+4%Mt1
PAV_B+4%Mt1

0 2 4 6 8 10 12

20 [1
Figure 5.3.13 XRD curves for Mtl and B+4%Mt1 befaral after ageing
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Figure 5.3.14 XRD curves for Mt2 and B+4%Mt2 befaral after ageing

Table 5.3.4 Basal spacingygg of Mt in the bitumen and its change due to ageing
Basal spacing ¢d;) *Increment Rate in g,

Materials D [°] (nm [%]
Mtl 4.20 2.10 -
Fresh_B+4%Mt1 2.08 4.24 101.9
RTFOT_B+4%Mtl 2.08 4.24 101.9
PAV_B+4%Mt1l 2.15 411 95.3
Mt2 3.14 2.81 -
Fresh_B+4%Mt2 2.02 4.37 55.4
RTFOT_B+4%Mt2 2.08 4.24 51.0
PAV_B+4%Mt2 2.15 4.11 46.0

*increment rate here is based qg,0f the pure Mt clay

5.4 Summary and conclusions

In this chapter, RTFOT and PAV methods were adofgesimulate the short term
and long term ageing of base and Mt modified bitasneEmpirical rheological
tests (i.e. penetration and softening point) andRD®st were performed to
characterize the ageing properties. The resultes ghat organo Mts improve the
short term ageing resistance of base bitumen. &hgeb properties of Mt particles
hindering the penetration of oxygen is the mainso@afor this improvement.
Meanwhile, the reduction of volatilization of thdyocomponents of bitumen due
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to these barrier properties could be another reas@mss effective ageing
improvement was observed after PAV results. Thiddcde because the oxygen
under a high pressure of 2.1 MPa and at a temperatful00 °C weakens the
barrier effect of Mt and it becomes easier for diggen to penetrate the bitumen
film. A certain degree of shrinkage of basal spgcimder PAV conditions is
another reason. It is believed that the long tegeireg behaviour of bitumen can
be enhanced in the field during the service life dw barrier function and stable
physicochemical properties of Mt.

Besides rheological tests, FTIR tests were perfdrtneevaluate the ageing effect
on the chemical change of modified bitumens. Siheepresence of Si-O on the
Mt results in a peak on the FTIR spectra of bitumadnch is very close to the

sulfoxide peak, it is very difficult to use the fadide peaks as an ageing
indication. Although the carbonyl peak on the FBipectra was not influenced by
the addition of the Mt, it only appeared after PAeing. In comparison,

rheological methods such as DSR method are moeetafé to characterize the
ageing properties of Mt modified bitumens.
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Appendix B

Table B1 Complex modulus, G* of base A (40/60) 8n(0/100) before and after
ageing at different temperatures and frequencies

Tem. Fre. G* [Pa] for base A G* [Pa] for base B

[°C] [rad/s] Fresh RTFOT PAV Fresh RTFOT PAV
0,1 8988000011584048514310990353200000 65492424 97130303

10 1 14240000QL70609727201015421118200000134673868176270383
10  23370000@6790000290700000208300000219964800261624800
100 31720000@358471375369084015306900000309580349344424891
0,1 13800000 21984828 30360000 9812000 13510105 22783991

0 1 39140000 53525585 65856086 33200000 40564364 57828364

10 9372000011738666713064000082110000 90365625 112678125
100 17750000@1337766(1220930851159800000165946154188482051
0,1 1290000 2601148 5026066 901900 1618534 3796938

10 1 6600000 10883392 17024735 4565000 6749539 12343133
10 23140000 32411582 43163502 17650000 22204839 33117473
100 69330000 8721308810307001350850000 56890691 72848936
0,1 106000 266755 667589 50860 110565 340383

20 1 716300 1493530 3061365 344300 634730 1569259
10 3998000 6821984 11343532 2059000 3168306 6184981
100 16560000 23738719 32956847 9626000 12410380 19490661
0,1 11330 30722 97503 6744 17237 61248

30 1 89030 208368 548220 51450 114941 340915
10 609700 1206000 2646500 372200 709459 1716678
100 3297000 5484632 10212406 2203000 3546969 6941528
0,1 1432 3880 12492 924 2297 8146

40 1 13370 32730 89419 7931 18175 55427
10 105400 221670 517941 64000 129007 332225
100 735300 1314563 2586375 463400 805433 1723958
0,1 214 516 1648 148 337 1108

50 1 2181 5062 14403 1449 3155 9541
10 19680 41244 101959 13060 26241 69523
100 157600 289815 615592 107000 191489 431216
0,1 43 93 268 29 59 169

60 1 431 917 2542 285 577 1607
10 4066 8171 20626 2737 5296 13589
100 36260 66109 146242 24300 43215 97200
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Table B2 Complex modulus, G* of base and modifigdrbens before and after
ageing at different temperatures and at a frequefn@yl rad/s

G* [Pa]
-10 °C 0°C 10 °C 20 °C 30°C 40 °C 506C°C
Fresh 8,99E+071,38E+071,29E+06 1,06E+05 1,13E+04 1,43E+03 214 43
A (40/60) RTFOT 1,16E+082,20E+072,60E+06 2,6 7E+05 3,07E+04 3,88E+03516 93
PAV  1,43E+083,04E+07,03E+06 6,68E+05 9,75E+04 1,25E+041648 268
Fresh 1,04E+08,39E+071,65E+06 1,35E+05 1,01E+04 1,40E+03 230 47
A+4%Mt1RTFOT 1,12E+081,73E+072,50E+06 2,44E+05 2,18E+04 3,07E+03471 89
PAV  1,66E+082,84E+075,60E+06 7,51E+05 7,72E+04 1,14E+041710 286
Fresh 2,41E+08,62E+071,86E+06 1,54E+05 1,42E+04 2,01E+03306 61
A+4%Mt2RTFOT 2,63E+082,16E+073,08E+06 3,04E+05 3,27E+04 4,62E+03 659 121
PAV  3,58E+083,79E+077,16E+06 9,58E+05 1,10E+051,63E+042266 378
Fresh 5,32E+0B,81E+08,02E+05 5,09E+04 6,74E+03 9,24E+02 148 29
B (70/100RTFOT 6,55E+071,35E+071,62E+06 1,11E+05 1,72E+04 2,30E+03 337 59
PAV  9,71E+072,28E+073,80E+06 3,40E+05 6,12E+04 8,15E+031108 169
Fresh 5,88E+07,13E+071,11E+06 5,09E+04 8,72E+03 1,05E+03 168 37
B+4%MtORTFOT 6,12E+071,54E+071,95E+06 1,10E+05 2,23E+04 2,50E+03362 71
PAV  1,03E+082,61E+074,35E+06 3,19E+05 7,84E+04 8,89E+031258 225
Fresh 5,01E+07,11E+071,21E+06 9,03E+04 9,87E+03 1,22E+03 197 42
B+4%Mt1RTFOT 5,23E+071,19E+071,52E+06 1,31E+05 2,34E+042,74E+03401 78
PAV  7,97E+072,16E+073,75E+06 4,20E+05 8,49E+04 9,67E+031296 218
Fresh 2,16E+08,37E+071,27E+06 9,03E+04 1,00E+04 1,48E+03 253 54
B+4%Mt2RTFOT 2,17E+081,59E+071,76E+06 1,50E+05 2,17E+04 3,12E+03498 97
PAV  3,16E+083,02E+074,78E+06 5,42E+05 8,45E+04 1,14E+041604 270

Bitumens
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6 RHEOLOGICAL PROPERTIES

6.1 Introduction

Rheology is the science dealing with the flow ofttera mainly liquids, and in
some cases solids and soft solids as well (Morr&ad1). Rheological properties
of bitumen significantly influence the performanakeasphalt mixture during its
manufacture, transportation, construction, and iservlife. Bitumen is a
viscoelastic material, and it exhibits either etasir viscous behaviour, or a
combination of these, depending on the temperatureé loading time (Lu,
Isacsson et al. 1999). At a sufficient low tempamator high loading frequency,
bitumen behaves as an elastic solid, and at a tegiperature or low loading
frequency, it can even become a Newtonian liquittiwvbehaviour is independent
of the shear rate. Between these two extremesnbiiubehaves as a viscoelastic
material.

Dynamic viscoelastic properties generally refethe responses of a material to
periodically varying strains or stresses (Ferry@98Vithin the linear viscoelastic
range, the relationship between strain and steglgseiar, and uniformly influenced
by frequency and temperature. The dynamic respohlgumen within this range
is related to properties of asphalt pavements, sssckdeformation and cracking
resistance.

Montmorillonite (Mt) modification may change the ediogical properties of
bitumen due to the Mt platelets reinforcement andbkumen interactions. The
rheological effect of this modification can be désed with a dynamic
mechanical analysis. The major objectives of tiapter are to characterize the
rheological behaviour of bitumens with modificatioh Mts, and investigate the
effect of the Mt type, as well as the bitumen gramte the viscoelastic properties
of modified bitumens using a dynamic mechanicalysis
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6.2 Methods

6.2.1 Materials
The Base and modified bitumens involved in thigaesh are given in Table 6.2.1.

Table 6.2.1 Codes of base and modified bitumens

Codes Nanoclay type Clay content [mass %]
Base A (40/60) - 0
A+4%Mt1l Mtl 4
A+4%Mt2 Mt2 4
Base B (70/100) - 0
B+4%Mt0 MtO 4
B+4%Mt1l Mtl 4
B+8%Mtl Mtl 8
B+12%Mt1l Mtl 12
B+4%Mt2 Mt2 4
B+6%Mt2 Mt2 6
B+8%Mt2 Mt2 8

6.2.2 Cone and plate rheometer

The cone and plate rheometer was used to measardyttamic viscosity and
shear rate dependency of the viscosity. These teste done at the Wuhan
University of Technology. An MCR 101 rheometer ($égure 6.2.1) from Anton
Paar Instruments was used for this purpose; itdigamation with 50 um gap
between the cone and the plate is shown in Figi2.2.6

Figure 6.2.1 Image of MCR 101 rheometer from Ar@ar Instruments used to
measure the dynamic viscosity and shear rate depegaf the viscosity
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Figure 6.2.2 Configuration of cone and plate devictne rheometer

The shear stress and tigear rate in this method can be calculated fromatons
6.2.1 and 6.2.2.

] 6.2.1

R

._Q

y== 6.2.2
a

where,
T =the torque,
R = the radius of the cone,
y = shear rate,
Q = rotation speed of the cone spindle, and
a =cone angle, here 0.997°.

The viscosity is then calculated by
_r_ 3aT 6.2.3

Ty 2nRQ

In this study, the dynamic viscosity was measurambaling to EN 13702-1, and
the following steps were taken:

(1) Input the diameter and angle of cone intoviedow of the software at the
selected shear rate.
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(2) Place the sample on the stage and press thetegtlcone onto the sample.
Remove any surplus material of the sample and btireg system to the test
temperature.

(3) Commence the first measurement at the lowegbeeature:

Temperature: 60 °C + 0.5 °C;

Shear rate: 0.05's
Check the reading after a delay of 15 min whenhimacthe temperature, note the
temperature, cone size, speed and reading.

(4) Repeat the test and calculate the result assarage of two tests. Replace the
specimen and increase the temperature to the esbdietmperature. Commence the
second measurement:

Temperature: 100 °C £ 0.5 °C,;

Shear rate: 500's

(5) Replace the specimen and increase the tempetatthe next test temperature.
Commence the third measurement:

Temperature: 150 °C £ 1.0 °C,;

Shear rate: 500's
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Figure 6.2.3 Example of the dynamic viscosity of/B/100) at a shear rate of 500
s' and a temperature of 150 °C.

Figure 6.2.3 gives an example of the dynamic visgax B (70/100) at a shear
rate of 500 $ and a temperature of 150 °C. As can be seen,itivesity value
kept stable at first, and gradually decreased a#teeral seconds. The main reason
for the decline was that part of the bitumen stigiv over due to the rotation of
cone. Therefore, an average value taken over tteféw seconds was obtained.

6.2.3 Dynamic shear rheometer

Dynamic shear rheometer (DSR) AR 2000ex (see Figwzel) was adopted to
evaluate the dynamic viscoelastic properties of rieterials as a function of
temperature and frequency.

Figure 6.2.5 shows the parallel-plates configuratised. The input parameters of
the DSR test are given in Table 6.2.2. For tempegatfrom -10 °C to 20 °C,
parallel plates with the 8 mm diameter and a 2 nam lgetween them were chosen;
for temperatures above 20 °C, 25 mm diameter ganallates and a 1 mm gap
between the plates were chosen. The frequency dange 0.1 rad/s to 400 rad/s
which means 0.016 Hz to 64 Hz. First of all, aistramplitude sweep was
necessary to determine the linear viscoelastic earfgbitumen at each testing
temperature. The chosen strain for the frequen®epwests must be within the
linear viscoelastic range. Otherwise, it can natlyaeflect the material’'s essential
properties.
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Figure 6.2.4 Image of dynamic shear rheometer (DS/AR 2000ex
(http://www.tainstruments.com/)

Shear strail

A Shear stres

Figure 6.2.5 Configuration of DSR parallel platevide loaded with sinusoidally
varying shear strain

Table 6.2.2 Configuration and input parameters 8RD

_ Diameter, R Temperature Gap,h Frequency
Device
[mm] [°C] [mm] [rad/s]
25 30, 40, 50, 60 1
DSR 0.1 ~400
8 -10, 0, 10, 20 2
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In the parallel plates method, the applied pealask&ain () should be within
the linear viscoelastic range at the correspondemperature. The dynamic
oscillating shear strain/{) and stressz() are respectively defined as:

y* = y. sin(at) 6.2.4
and
I =r,sin(at +9) 6.2.5
where:
w = angular frequency,
t the time,
r, = peak shear stress, and

o =phase angle.

It is convenient to express the oscillating stramd stress as complex quantities
following:

y o=y de 6.2.6

and
=1 @) 6.2.7

The complex shear modul@s is then calculated following:

G =r 1y =(.1y)e° =(r./y)(cosd +i sind )=G +iG ' 6.2.8
where:
G' = storage modulus, or elastic modulus, and
G" =loss modulus, or viscous modulus.

The storage modulus' describes the amount of energy stored and released
elastically in each oscillation and is thus calted elastic modulusg" describes

the average energy dissipation rate associatedtigtiviscous effects and is thus
called the viscous modulus (Lu and Isacsson 19879. phase angle is the phase
difference between the stress and strain, andcteftae viscoelastic characteristic

of the material. Purely viscous liquids and iddakgc solids have phase angles of
90° and Q°, respectively.
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Figure 6.2.6 Complex modulus as a function of fesgry and temperature

Figure 6.2.6 gives a typical example of frequenegep results at several
temperatures as conducted on bitumen B (70/103) kinown that the rheological
properties of bituminous materials can be well dbsd by a master curve using
the time-temperature superposition principle. Huiaciple allows to shift the data
as shown in Figure 6.2.6 to a reference temperatsira function of the reduced
frequency. The shifting factor is obtained using Williams-Landel-Ferry (WLF)
model as follows:

C(T-T,
Iog%ﬁ)=ﬁ 6.2.9
where,
a; = shift factor at a temperature of,
Tz =reference temperature [°C],
C, andC, = constants [-].
a, was also obtained using the Arrhenius equation:
AE, 1 1
log@) =20 R (;—?0) 6.2.10

where,

AE, = apparent activation energy [J/mol], and
R = universal gas constant, 8.314 J/(K-mol)
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The reduced frequency is determined by multiplyting test frequency by a shift
factor a, . To construct the complex modulus and phase amglster curve, a

reference temperature of 20 °C is chosen. The afatemplex moduluss” and
phase angle were fitted into the following S-curve model:

friy

G'=G} yx(1-e 7 ) 6.2.11

min

+ (GD _GD

max min
_(fryy

0=0,,, %0, ~On)xe * 6.2.12

where, )
G"= complex modulus [Pa],
fi— reduced frequency [rad/s],
Gon» Grax= complex modulus wher, is 0 or infinite [Pa],
0= phase angle [9],
J.ns Omax= Phase angle whefp was infinite or 0 [9],

B = location parameter [rad/s], and
y= shape parameters [-].

All the model parameters can be obtained by usieg Solver function in the
Excel spreadsheet through minimizing the meanivelarror.
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6.3 Results and analyses
6.3.1 Properties characterized by the cone and pktrheometer

6.3.1.1 Dynamic viscosity

Table 6.3.1 gives the dynamic viscosity resultthatthree selected temperatures,
60 °C, 100 °C, and 150 °C (European norm EN 1370R-Was observed that the

addition of the Mts increased the viscosity of bbdse bitumens to a different

degree which depended on the type of Mt, as wehasesting temperature.

Table 6.3.1 Dynamic viscosity at three standardptatures
Dynamic viscosity [Pa:s]

Binder  —50oC (7 =0.05 &) * 100°C ( =500 &) 150 °C § =500 &)
A (40/60) 438.0 6.19 0.347
A+4%Mt0 487.0 6.68 0.379
A+4%Mt1 523.5 7.53 0.426
A+4%Mt2 651.0 8.81 0.505
B (70/100) 195.5 3.63 0.261
B+4%Mt0 210.5 3.94 0.264
B+4%Mt1 265.5 4.57 0.284
B+4%Mt2 297.0 5.29 0.380

*. The choice of shear ratg at each temperature is according to EN 13¥02-
which is introduced in the section of 6.2.2.

Figure 6.3.1 shows the increment ratiev)(of the viscosity for the modified
bitumens at three temperatures. This ratio wasutzkd using the following
equation:

kzmxloo 631

,7base

where,
e = dynamic viscosity of the base bitumen [Pa-s], and
1., = dynamic viscosity of the modified bitumen [Pa-s].

As indicated in Figure 6.3.1, the increment ratidsA+4%Mt2 and B+4%Mt2
were more than 40% at each testing temperaturechwimdicated that Mt2
strongly influences the viscosity of bitumen. Thayoinorganic MtO showed a
low influence on the viscosity, and most incremetitos were lower than 10% at
each testing temperature. The increment ratios ©4%Mtl were around 20%,
and those of B+4%Mt1 were between 8% and 36%.
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Figure 6.3.1 Dynamic viscosity increment ratio foodified bitumens at three
standard temperatures

The increase of viscosity might be mainly attrilalite two reasons: one is that the
Mt platelets limit the flow of bitumen; another that part of the bitumen
molecules are confined to the two dimensional gakeof the Mt clay. The
change of viscosity could also reflect the streraftthe interfacial bond between
bitumen and the Mt. Therefore, the results coulglynthat inorganic MtO has a
weak interfacial bond with the base bitumen, ané ®istronger interfacial bond.

6.3.1.2 Shear rate sweeps

Figure 6.3.2 shows the relationship between sheaesssand shear rate for the B
bitumen series at 135 °C. B+4%Mtl and B+4%Mt2 beldasimilarly and like a
Bingham liquid. This means that thagt as a rigid body at low stresses but flow
as a viscous fluid at high stresses. The reasonhfsrbehaviour is that the Mt
particles limit the flow of the bitumen. Until aesdr rate of 1.17$, the shear stress
for both modified bitumens is almost the same (1R@§. After that, the shear
stress proportionally increases with increasingash&ate. The base bitumen
behaved more like a Newtonian liquid as its shéass was proportional to the
shear rate almost from the beginning. As discudssfdre, the inorganic MtO
particles are present in the bitumen as convertipagticles. Some of these
particles were present in the gap between the tiprend the plate. The distance
of the gap was 5Qm, and equaled to the maximum size of these pasticl
Therefore, some noise occurred between shear stnelsshear rate for B+4%Mt0
at low shear stress levels. As shear stress iredegisove 1.2 Pa, the Newtonian
behaviour recovered due to the escape of the [gmrfiom the gap.
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Figure 6.3.2Shear stress vs. shear rate of the bitumens at@35

Figure 6.3.3 shows the shear rate dependency ofighesity at 135 °C. With the
addition of Mtl and Mt2, the degree of shear thigniof the bitumen was
enhanced, and the viscosity increased remarkabbbmashear rates. A Newtonian
plateau was reachexbove a shear rate of 10.8B+4%Mt2 had a higher viscosity
than B+4%Mtl at thesame shear rate. Some noise in the viscosity coirtbe
bitumen with MtO was observed before it reached N@svtonian plateau. The
viscosity of all bitumens remains below 3Pa:s ia thgion which is important for
the workability of bitumen during mixing and layiing asphalt mixture.
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Figure 6.3.3 Shear rate dependency of viscositii@bitumens at 135 °C.
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A shear thinning fluid displays decreasing visgosiith increasing shear rate.

Shear thinning often happens in some macromoleunaterials, and it is explained

by the fact that macromolecule chains usually exist a state of random

orientation and high entanglement, and will geediangled and become oriented
at high shear rates (Chen, Yang et al. 2005). Wasipect to pure bitumen, shear
thinning means that the imposed shear stress reaclueitical value which can

alter the colloidal equilibrium, thus orienting disrupting asphaltene micelles or
the micelles aggregates (Polacco, Berlincioni e2805). The reinforcement of

this behaviour is also believed to be related ® dhientation effect of the Mt

particles existing as dispersed intercalated mttebbserved by XRD tests and
maybe as a few single platelets in the bitumen {lse€D model in Figure 6.3.4).

By imposing a shear stress on the modified bitunthese platelets orient

themselves which strengthen the shear thinning\whetna

/Mt layers Imposed shear stress

Figure 6.3.4 2D Model of shear thinning behavioulMé modified bitumen

The Carreaumodel (Hsu, Shie et al. 200%)as adopted to describe this shear
thinning behaviour:

,70 _,700

N=1Ns*

where,
1, = zero shear viscosity [Pa-s],
n. = infinite shear viscosity [Pa-s],
s = a parameter related to the slope of the sheanitig region, and
V. = a critical shear rate for the onset of the shi@aning region.

In this model, a zero shear Newtonian plateaussrasd at the beginning until a
. valueat which shear thinning starts (see Figure 6.3\6)h the increase of the
shear rate, the viscosity gradually reaches anitefshear Newtonian plateau. The
shear thinning region is between these two plateBus models that were fitted to
the data are shown in Figure 6.3.3, and relateanpeters are listeich Table 6.3.2.
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The addition of Mtl and Mt2 to the base bitumenréased;, by almost two
orders of magnitude. A high, at high temperatures implies a good drgama

resistance of the asphalt mix during transportateamd will keep an average

bitumen film on the surface of aggregates to imprthe durability of the asphalt
mix.

Table 6.3.2 Parameters in the Carreau Model fonten at 135°C

Code nlPa-s]  n_[Pas]  y, [s7] s R? [%]
B (70/100) 10.8 0.47 0.002 1.12 99.7
B+4%Mtl 827.4 0.60 0.002 1.17 99.6
B+4%Mt2 1280.9 0.92 0.002 1.23 99.0
1.E+04 F
: Zero-shear Newtonian Plateau
1.E+03 oSSR BHBHD, . 50—0;0_0 """""""
&g 1E+02 -
% Shear-thinnfpg Region
% 1.E+01 = i °°o
S : . o,
LEWO || Infinte-shear NewSiiag Plateay
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Figure 6.3.5 Relationship between viscosity anésh&te in the Carreaunodel

- 120 -



Chapter 6 RHEOLOGICAL PROPERTIES

6.3.2 Master curves by DSR

Compared with empirically rheological propertie®. ipenetration and softening
point, master curves reflect a rheological spectmver a wide frequency or
temperature range. Therefore, the use of mastge ¢sibhecoming more and more
popular in characterizing bitumen’s rheological pedies. As shown in Figure
6.3.6, the complex modulus and phase angle masteex of base bitumens are
constructed using the WLF shifting method at arezfee temperature of 20 °C. As
indicated, base A (40/60) exhibited a higher compteodulus G* and a lower
phase angle than base B (70/100) over a frequency range frérrad/s to 10
rad/s. Since different compositions of bitumensultegn different rheological
properties, they also influence the interactioicdmen with the Mts.
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Figure 6.3.6 Complex modulus and phase angle meastees of base bitumens at

a reference temperature of 20 °C

In this section, base A and B were modified wittOM¥tl and Mt2 at 4 mass%.
In total, seven master curves of bitumens weretoacted. Tables 6.3.3 and 6.3.4
give their shifting factors and the fitted modekgaeters. As shown in Figure
6.3.7, 4 mass% of Mtl and Mt2 can influence theldgical properties of base A
and B. The increase in complex modulus due to tbeification was accompanied
by a decrease in the phase angle, which was madergvat the low frequency
range. The curves of B+4%Mt0 almost overlapped whigse of base B, which
means the inorganic Mt0 hardly changes the pragsedi base B.
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Table 6.3.3 Shift factors and model parameters usedhe master curve
construction of bitumen A series

Parameter A A+4%Mtl A+4%Mt2
| C, 278 276 276
Shift factor C 250.0 250.5 251.0
Grnas 4.2E+08 4.3E+08 4.4E+08
Complex Gin 0.0 0.0 0.0
modulus B 30725.8 22203.4 22200.4
v 0.7 0.7 0.7
Smax 90.0 87.1 87.1
S 10.1 8.9 8.9
Phase angle B 859.8 853.3 854.3
v 0.186 0.185 0.201

Table 6.3.4 Shift factors and model parameters usedhe master curve
construction of B bitumen series

Parameter B B+4%Mt0 B+4%Mtl B+4%Mt2
: C, 27.8 26.0 27.6 27.6
Shift factor
C, 250 230 250 250
Gmax 4.15E+08 4.15E+08 4.22E+08  4.25E+08
Complex Ghmin 0 0 0 0
modulus B 30725.8 224525 22203.4 22203.4
Y 0.694 0.696 0.677 0.677
Smax 90.0 90.0 87.1 87.1
Phase Smin 10.06 9.03 8.89 8.89
angle B 859.8 1500.0 853.3 853.3
Y 0.186 0.200 0.185 0.185
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Figure 6.3.7 Complex modulus and phase angle mastees of (a) base A and its
modified bitumens, and (b) base B and its modifieiimens at a reference
temperature of 20 °C
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Figures 6.3.8 and Figure 6.3.9 show the frequen®ep curves of bitumens at 60
°C and 20 °C. In general, Figure 6.3.8b showsttiemodified bitumens exhibit a
higher G and lower phase angle, except B+4%Mt0. There fdateau on the
phase angle curve at 60 °C for A+4%Mtl, B+4%Mtld &8+4%Mt2, which
mainly occurred at the frequency range betweenradis and 10 rad/s. For
A+4%Mt2, it took place over the range from 0.1 saidy 1.0 rad/s.
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Figure 6.3.8 Frequency sweep cur(vgs between 0.4@Mdad/s on (a) Bitumen A
Series and (b) B series at 60 °C

- 124 -



Chapter 6 RHEOLOGICAL PROPERTIES

1.E+08 80
3e,
44212200 ﬁggﬁ
‘22300 ﬁﬁgo
e 38 - 70
1.E+07 - o a8
. Q‘Aoo gggc
4 Oggo
g§§Z°°o 60 &=
ke’ Ao Q
'E‘ igfo ggoo g’
&, 1.E+06 g%0° 4% ©
25 ogoo ogAn %
prioai
Qio Qng o
i8° 0a®
248 > A (40/60) 8%,
1.E+05 + ° oad
s A+4%Mt1 10
o A+4%Mt2
1.E+04 T T T T 30
1.E-02 1E-01 1E+00 1.E+01 1.E+02 1.E+03
Reduced frequency [rad/s]
(a)
1.E+08 S 80
4 °o
86 o
4, % 3
s, %o PTI
Oa o g% o
A. °, XXX o°
1E+07 1 4, % 250 - 70
a OO 222000
4 ° o
ﬁgooo
£ o, S
_ R s
© o° & ° <@
8. 1.E+06 - OUCHEE LR “60 2
* @ m—=Omm — 2 ) ©
o Wt e e Ll o
4 .° 8 © ©
RAFS 2 o <
4 o g © o
* o N o
R ° B (70/100) 8 e
1.E+05 - L. 50
K s B+4%Mt1 80
Ao
o B+4%Mt2 4
1.E+04 T T T T 40

1.E-02 1E-01 1E+00 1.E+01 1.E+02 1.E+03

Reduced frequency [rad/s]

(b)

Figure 6.3.9 Frequency sweep curves between Od.aad 400 rad/s on (a) base
A and its modified bitumens, and (b) base B andmizdified bitumens at a
temperature of 20 °C
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In fact, the test temperature also influenced drege of phase angle plateau. As
indicated in Figure 6.3.10, the plateau for B+4%Mthich is taking place
between 1.0 rad/s and 10 rad/s at 60 °C moves laadkvio the range between 0.4
rad/s and 1.1 rad/s at 50 °C, and next betweema@d/s and 0.3 rad/s at 40 °C.
Eventually, it disappeared at 30 °C. The reasontlie behaviour is that the
bitumen molecules are intercalated in the moditikeys, implying that there will
be an interaction between the surfactant of theg @ad the bitumen. This
interaction has an effect on the deformation charestics of the modified
bitumen which is visible at certain frequencies dathperature conditions. It
appears that the observed plateaus are shiftinthetdower frequency range at
lower temperature. It would therefore also havenbewasured at 30 °C if the
equipment would be capable to measure at loweuéecjes.

90

Phase angle [9]

60 T T \
1.E-01 1.E+00 1.E+01 1.E+02 1.E+03

Reduced frequency [rad/s]

Figure 6.3.10 Frequency sweep curves between (@i emd 400 rad/s on
B+4%Mt1 at temperatures of 30, 40, 50, and 60 °C

Figure 6.3.11 shows the storage modulus (G’) ratid loss modulus (G”) ratio of
the modified bitumen to the base bitumen at 60 8@ 20 °C. As indicated, G’
ratios corresponding to base A and base B in FiguBl11l a and b were
influenced by the frequency, and changed from dB tand from 1.5 to 15,
respectivley. At a same frequency, bitumens madlifly Mt2 had a higher G’
ratio than these modified by Mtl. However, the Edsitributed less to the change
of G at this temperature. When the temperaturerelgsed to 20 °C, the storage
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modulus ratios also decreased to a range betwéeand. 1.6 for the A series , and
between 1.5 and 2.5 for the B series.
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Figure 6.3.11 the storage modulus (G’) ratio arss Imodulus (G”) ratio of the
modified bitumen to the base bitumen at 60 °Gddprand (b), and at 20 °C for (c)

and (d)
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The Young’'s modulus of clay platelets was considécebe within of range 178-
265 GPa. This assumption is based on values taken literature for layered
structure clay minerals (Kornmann, Berglund etl@98; Feng, Gong et al. 2004;
Zhu and Narh 2004; Chen and Evans 2006). Thereforg,logical that the Mt
modification changes the rheological propertiesbiwfimen in terms of storage
modulus. The surfactant on the Mt also influenbesrheological properties due to
the compatibility between the Mt and bitumen. lersed that bitumen itself also
influenced the modification effect, such as ther@&io for base B being higher
than that for base A when modified with the same e reason could be that the
base B bitumen has a smaller average moleculamivisign base A, and therefore
the Mt can swell more easily in the base B biturmrenvhich the clay platelets
contributed more to the change of modulus.

6.3.3 Composite model

As introduced above, low concentrations of the Marged the rheological
properties of bitumen. In related fields of nanoposites, some reasons are
discussed. The reduced mobility of constrained imatiolecules was considered
to be responsible to the increase of modulus; @ngtinteraction between the
matrix and the Mt could also be a reason for tlveeiase of the modulus (Kojima,
Usuki et al. 1993; Okada and Usuki 2006). Some @it models, such as the
Halpin-Tsai model and Simha model, were developeskplain the reinforcement
mechanism in nanocomposites (Simha 1940; Halpinkardos 1976; Vlasveld,
De Jong et al. 2005). In these models, the promgrayge of the matrix itself and
the interaction between the matrix and the Mt wegerored; the property
improvement was considered to be related to the Ribdulus, its concentration,
shape, size and orientation. These models wereueagiog to be used to predict
the properties of nanocomposites (Kuelpmann, Osetaal. 2005; Vlasveld, De
Jong et al. 2005).

In this section, the Simha model is introduceduxihfer describe the influence of
Mt on the rheological properties of base bitumen.

6.3.3.1 Theory

When a material is tested under a sinusoidallyllaticg load, as is done to the
bitumen in this chapter, the complex viscogjty is defined as:

n*=G* w=G"l w-iGl w=n'+in" 6.3.3
where,
n' =the real or in phase componentof [Pa-s], and also called
dynamic viscosity, and
n" =the imaginary or out-of-phase componenpéf[Pa-s], which
is only important in a mathematical sense.
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The dynamic viscosityy' can be expressed using the following equationakir
and Lyngaae-Jorgensen 2002):

n'=n,1+G"G, )™ 6.3.4
where,
17, = zero shear viscosity, [Pa-s],
G, = characteristic modulus [Pa], and

m = shape factor [-].
Equation 6.3.4 was derived from linear viscoelaatid pseudoplastic materials,
and hence it was unable to describe the yieldsstres

Through fitting of Equation 6.3.43, of base and modified bitumens is obtained
and applied to Equations 6.3.5 and 6.3.6 to calewiscosities defined as:

_ 1

1] dative _a 6.3.5
”reduced =,7(;7;—gm 636

where,
Naxve =the relative viscosity [-],
N =the reduced viscosity [-],
. = the viscosity of matrix [Pa-s],
1. = the viscosity of nanocomposite [Pa-s], and
¢ =volume fraction of Mt platelets which is extremé&w.

The intrinsic viscosity refers to the inherent asity and is defined as:

—tim e ~n
[7] —I;rpoﬂ 6.3.7
Here,[n] is dimensionless as a result of viscosity ratAccording to Einstein’s
viscosity equation[n] of a Newtonian liquid with a low volume fractiorf o
spheres is constant and equal to 2.5. For thecfmmith fiber shape and disk
shape at low concentrations, some linear modele wssumed by Simha (1940).

These models are shown below:

2 2
(a/b) N (al/b) 14

(fiber shape)
15]log 2@ /b)—g] 5log 2@ b )—;] 15

7= 6.3.8
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_16_ (alb)

= s a b)

(disk shape) 6.3.9

where,
a/b = aspect ratio.

The equation fofy] for platelets was approximated by a linear functior all
aspect ratios:

[771 =0.679(@ /b)+ 0.45¢ 6.3.10

Another simplified model by Luciani, Leterrier ét @1999) also showed a good fit
with experimental measurements:

4 4
=2+ 2(a/b 3.
[77] 5 3ﬂ( ) 6.3.11

A different form of a relation between the intrinsiscosity and the aspect ratio of
disk-shaped particles was given by Utracki and lagegJorgensen (2002):

[7]=2.5+0.025(+ & b J*] 6.3.12

Besides the modes introduced above, the semi-eicgdrielalpin-Tsai model is

most often used, which takes into account the slamokethe aspect ratio of the
reinforcing particles. Equation 6.3.13 shows tlaittonal forms of the Halpin-

Tsai equation.

E. _ 1+ ¢kg,
£ = 1-kg, 6.3.13
in which,
Ef
N
k= Em 6.3.14
=t
(Em +¢)
where,

E. = composite Young's modulus,
E; = particle modulus,

E, = matrix modulus,

¢ = shape factor, depending on the geometry, orientaind
aspect ratio of the particles, and

¢; = volume fraction patrticle.
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Using models from Equation 6.3.8 to 6.3.14, Vladydbe Jong et al. (2005)
calculated the aspect ratios of particles in nangumsites and microcomposites
with different amounts and types. Results indicatbdt the Simha model
(Equation 6.3.10) predicted reasonable aspectsratluch were comparable with
those based on TEM observations and Halpin-Tsaieinod

6.3.3.2 Volume fraction

As introduced in Chapter 3, the densities of Mtsrevdetermined using an
Ultrapycnometer. This value for Mtl is 1.78 gftrh.83 g/cm for Mt2, and 2.75
g/cnt for pure MtO (without surfactant). The simultansdhermogravimetric (TG)
analysis indicated that the surfactant contentditdf and Mt2 were 20.1% and
22.9% by weight, respectively.

To clearly understand each fraction in bitumenjnapbfied composite model is
shown in Figure 6.3.12. Based on the data aboweytihume contents of each
fraction were obtained and given in Table 6.3.5e Tensities of surfactants on
Mtl and Mt2 were calculated to be 0.74 giend 0.83 g/crh(Table 3.2.2). As
indicated in Table 6.3.5, the value @f ... was comparable to that ¢f, ... In

this study, the surfactants were regarded as paneanatrix and were assumed to
have the same modulus as bitumen, g, = G, - Although some assumptions

and simplifications are made in this section, osld not significantly influence
the overall conclusions and change the trend ofekelts.

Table 6.3.5 Volume contents of fractions in therdMidified bitumen

Volume B+4%Mt1B+8%Mtl B+12%Mt1B+4%Mt2 B+6%Mt2 B+8%Mt2

P yareas [70] 1.15 2.25 3.30 1.11 1.64 2.17
Pertactantd 70] 1.07 2.09 3.07 1.05 1.56 2.06
Poitumen  Y0] 97.78 95.66 93.63 97.84 96.80 95.77

| 2

Composite Prituren Composite

matrix

....... e

Figure 6.3.12 Composite fractions of Mt modifietLibien
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6.3.3.3 Results and analysis
Figure 6.3.13 shows an example of the dynamic gisgg@' of base B as function

of frequency at different temperatures. A zero slpdgieau was clearly observed
at a temperature of 60 °C within the low frequemagge. As the temperature
decreases, shear thinning takes place due to bhreakithe structure. The model
represented by Equation 6.3.4 can not describeb#hsaviour precisely because it
is derived from linear viscoelastic and pseudopasiaterials, without taking the

yield stress into account. Related parametersiges gn Table 6.3.6.

Table 6.3.6 Parameters in the model representedEduation 6.3.4 for base
bitumen at different temperatures

Factors 10°C 20 °C 30 °C 40 °C 50°C 60 °C

No 5.0e+06 3.2E+05 4.5E+04 9.3E+03 1.5E+03 2.9E+02
G, 2.2E+07 43E+06 25E+06 1.3E+04 7.7E+03 4.9E+03
m 3.37 1.34 1.55 0.22 0.14 0.10

R 0.9956 0.9758 0.9610 0.9870 0.9950 0.997/8

1.0E+07

"""'.".".".'-.-...,',,fo. ¢+ Measured
B Modelling
1.0E+06 T e,
—t.—t.—.—."”0°000o. \-!,—’\‘.‘\Q.
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Figure 6.3.13 Dynamic viscosity' of base B as function of frequency at different
temperatures
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After fitting the measured data into Equation 6,.34and other parameters for all
bitumens were obtained and listed in Table 6.3.i% shown that the correlation
coefficients are very high. Mt2 gives a highgrthan Mtl. Figure 6.3.14 shows
the dynamic viscosityy' of the base and modified bitumens as functionhef t

frequency at 60 °C. The curves for the bitumen 8% Mt2 and 12% Mtl almost
overlapped. For most curves, a zero shear plai@ald be observed.

10000
+ BaseB + B+4%Mtl
* B+8%Mtl = B+12%Mtl
s B+4%Mt2 °  B+6%Mt2
o B+8%Mt2 Modelling
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Figure 6.3.14 Dynamic viscosity' of base and modified bitumens as function of

frequency at 60 °C
Table 6.3.7 Parameters in Equation 6.3.4 for medibitumens
Factors o G, m R
B+4%Mt1l 446.7 28.4 0.06 0.98
B+8%Mt1l 626.6 47.6 0.07 0.96
B+12%Mtl 955.0 3016.0 0.16 0.98
B+4%Mt2 532.7 770.1 0.10 0.98
B+6%Mt2 789.5 1630.7 0.13 0.94
B+8%Mt2 1002.3 2824.1 0.15 0.99
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It was found that the difference gf between the base and modified bitumens in

Table 6.3.2 was bigger than that in Table 6.3.7% Tdason could be due to the
state of bitumen and the testing mode. At a highperature of 135 °C, the
bitumen became liquid, and the Mt platelets’ suuetwas completely broken as a
function of the shear rate sweep in the rotatiordendl herefore, the platelets
contributed more t@, than that obtained within the range of linear e&asticity

in the oscillation mode. They, value obtained within the range of linear

viscoelasticity was preferred to be used in the masiie model because it could
reflect the real situation of bitumen in a solidtst

Neave (S€€ Equation 6.3.5) as a function of volume aunteas calculated based
on 7,; the results are shown in Figure 6.3.15. As ingidathe viscosity of base
bitumen increased by several times due to addsmgall part of Mt platelets.

5

-e--Mtl -=- M2

Relative viscosity, Nrelaive [-]

1 = - T T T
0 1 2 3 4

Volume content of platelets [%0]

Figure 6.3.15 Relative viscosity,,... VS- the volume contents of Mtl and Mt2
platelet

Considering the low clay concentration, the dataewédted to the second-order
Einstein-type equation (Utracki and Lyngaae-Jorgar002):

Neaaive =1 (1710 + k(71 H) 2 6.3.15
where,

k = interaction constant.
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The least-squares fit gave values of intrinsic assty (see Equation 6.3.7): for
bitumen with Mt1,[s7] =25.1 and k =0.50 with R* =0.99; for bitumen with Mt2,
[7] =51.5 andk =1.15 with R* =0.995Z. As calculated using Equation 6.3.10, the
aspect ratio4/b) value was 36.3 and 75.2 for Mtl and Mt2, respetyi

N (S€€ Equation 6.3.6) wadso obtained and plotted as function of the
platelets volume content (Figure 6.3.16). For beasy modified with the Mt,
NreducedNCreases with increasing volume content. As shdt intrinsic viscosity
[7] can also be estimated at zero concentration thraulinear fit, and appeared
to be equal to 34.66 and 41.67 for bitumens matlifvdth Mtl and Mt2,
respectively. As calculated using Equation 6.3th@,aspect ratiog/b) value was
50.4 and 60.7 for Mtl and Mt2, respectively.

500

400 - + Mtl
w = Mt2
§ - - - Linear (Mt2)
8 300 - ,
= Linear (Mt1)
=
‘0
3
& 200 -
S
k5 y = 35,593 + 41,665
3 R?=001 , ... Y= 10,187x+ 34,656
2 100 - R?=0,87

O T T T
0 1 2 3 4

Volume content of platelets [%6]

Figure 6.3.16 Reduced viscosity,, .., VS. the volume contents of Mtl and Mt2
platelets

It is thought that the calculated value could repre the real situation of Mt at the
lowest concentration (4 mass% in this study). Thdase the calculated value of
al/b, a transmission electron microscope (TEM) waddjrieut it failed due to
some small bitumen molecules easily evaporatingevacuum environment and
room temperature. An environmental TEM method conemended for the future.
For one piece of plateled/b value was approximately estimated as 100 (length :
thickness =100 nm : 1 nm). The calculateld corresponds to the intercalated
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morphology of Mt at 4 mass% detected by XRD whictans that the platelets are
not completely exfoliated and are still stackedetbgr to some extent.

6.4 Summary and conclusions

In this chapter, DSR equipment was adopted to cheniae the rheological
properties of bitumen modified by the Mts in terwisviscosity and dynamic
response. The change of viscosity might be maitthjbated to two reasons: one
was that the Mt platelets limit the flow of bitumesmother was that part of the
bitumen molecules were confined to the two dimemsigalleries of Mt clay. The
change of viscosity could also reflect the streraftthe interfacial bond between
bitumen and the Mts. According to the extent of nd®g it was indicated that
inorganic Mt had a weaker interfacial bond with theese bitumen than the Mts
with surfactants. When imposing a shear stresfi@itumen at a liquid state, the
Mt platelets oriented themselves resulting in thieforcement of shear thinning,
as well as a higher zero shear viscosity. Thisigsph good drainage resistance of
the asphalt mix during transportation, and wouldgkan average bitumen film on
the surface of aggregates to improve the duralmfitgsphalt.

Complex modulus and phase angle master curves sé lmtumens were

constructed using the WLF shifting method at arerfee temperature of 20 °C. It
was observed that the increase in complex moduwladalthe modification, except
by natural inorganic Mt, was accompanied by a desgen the phase angle, which
was more evident at a low frequency range. A plaasge plateau was found for
organo Mt modified bitumen at high temperature witthe low frequency range.

The reason for the interaction between the sum@ahthe clay and the bitumen
has an effect on the deformation characteristich@fmodified bitumen which is

visible at certain frequencies and temperature itiong.

The Simha model was used to calculate the aspect(e/b) value of the Mt in
the bitumen. The calculateal b corresponds to the intercalated morphology of
Mtl and Mt2 at 4 mass% detected by XRD. This mehasthe platelets are not
completely exfoliated and are still stacked togethesome extent. To validate this
aspect ratio, an environmental TEM method is recended for the future.
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Appendix C

Table C1 Frequency sweep results of Bitumen A serie

Tep. Freq. Base A (40/60) A+4%Mtl A+4%Mt2
Complex Phase Complex Phase Complex Phase
[°C] [rad/s] modulus [Pa] angle [°] modulus [Pa] angle [°] modulus [Pa] angle [°]
-10 1 142400000 21,16 166000000 23,24 219400000 2 24,
-10 10 233700000 15,67 271200000 16,42 359400000 ,5 19
-10 100 317200000 10,08 379600000 10,91 408600000 0,411
-10 400 387500000 7,555 476200000 8,307
0 0,1 13800000 57,43 13850000 56,98 16150000 43,88
0 1 39140000 39,94 44890000 38,61 47750000 36,95
0 10 93720000 29,35 105500000 28,66 107800000 27,49
0 100 177500000 20,84 197400000 20,49 196100000 7819,
0 400 240100000 17,19 266200000 17,16 260300000 1416,
10 0,1 1290000 66,1 1651000 65,32 1863000 64,68
10 1 6600000 56,92 8595000 54,43 8914000 53,64
10 10 23140000 45,73 29330000 43,52 30410000 42,43
10 100 69330000 33,6 77410000 33,33 78670000 32,32
10 400 110000000 28,38 123500000 27,88 124300000 ,9926
20 0,1 106000 76,45 134500 74,33 154100 75,73
20 1 716300 70,5 938900 68,66 1017000 68,89
20 10 3998000 61,89 5021000 59,64 5301000 58,92
20 100 16560000 50,67 19960000 48,54 20770000 47,78
20 400 36240000 43,19 39870000 42,19 41170000 41,03
30 0,1 11330 83,95 10090 82,27 14190 81,23
30 1 89030 78,22 79720 78,23 109200 76,65
30 10 609700 71,52 554600 71,51 723500 69,33
30 100 3297000 55,39 3049000 56,37 3639000 52,46
30 400 7247000 43,05 6854000 43,87 7664000 39,51
40 0,1 1432 87,57 1401 85,81 2008 85,57
40 1 13370 83,47 12300 82,8 17280 81,85
40 10 105400 79,4 97660 78,86 132100 77
40 100 735300 71,07 689000 71,73 878000 69,29
40 400 2125000 65 2019000 64,7 2475000 61,1
50 0,1 213,8 89,43 230,3 87,43 305,5 87,41
50 1 2181 87,39 2091 85,75 2811 85,78
50 10 19680 83,37 18550 83,39 24330 82,01
50 100 157600 78,38 148900 78,92 187500 77,1
50 400 516900 74,8 492300 75,26 600300 73,42
60 0,1 42,51 90,09 46,9 89,52 60,98 87,41
60 1 430,6 88,85 443,7 86,48 566,8 87,41
60 10 4066 87,08 3996 85,9 5230 85,13
60 100 36260 82,72 35030 83,05 44320 81,17
60 400 127700 79,74 124100 80,16 151700 78,3
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Table C2 Frequency sweep results of Bitumen B serie

Tep. Freq. Base B (70/100) B+4%Mt0 B+4%Mt1 B+4%Mt2
Complex Phase Complex Phase @ Complex Phase Complex Phase
[°C] [rad/s] modulus [Pa] angle [°] modulus [Pa]angle [7] modulus [Pa] angle [7] modulus [Pa] angle [°]
-10 0,1 53200000 39,25 58770000 36,97 50130000 36,49 2,16E+08 35,88
-10 1 118200000 26,65 142000000  25,84129200000 25,21 140900000 25,9
-10 10 208300000 18,62 247200000  18,32220900000 17,36 244800000 17,99
-10 100 306900000 12,53 359200000  12,24315800000 11,62 356800000 12,01
-10 400 368500000 10,03 430900000  9,736375700000 9,285 426400000 9,783
0 0,1 9812000 52,65 11310000 54,29 11070000 53,22 13660000 57,19
0 1 33200000 41,04 40070000 40,43 38970000 39,61 41880000 40,1
0 10 82110000 30,57 99360000 30,56 93380000 29,13 101200000 29,82
0 100 159800000 22,29 191900000  21,74175000000 20,65 193200000 21,4
0 400 218800000 18,19 260800000  17,84236500000 16,78 2,61E+08 17,64
10 0,1 901900 69,01 1114000 69,02 1213000 67,63 1,27E+06 67,35
10 1 4565000 59,24 5832000 58,49 6211000 57,11 6,09E+06 58,07
10 10 17650000 47,66 21950000 46,94 22540000 45,5 23210000 46,69
10 100 50850000 37,31 62520000 36,64 61160000 34,97 67440000 35,51
10 400 84960000 31,59 104200000 31,23 98790000 29,36 111700000 29,86
20 0,1 50860 79,05 50860 79,05 90310 76,68 90280 76,4
20 1 344300 73,48  323593,657 73,48 604000 71,04 583500 71,09
20 10 2059000 65,55 2059000 65,55 3375000 62,55 3552000 62,54
20 100 9626000 55,08 9626000 55,08 14460000 51,36 15970000 51,7
20 400 21210000 48,3 21210000 48,3 29700000 44,51 24800 45,39
30 0,1 6744 84,63 8721 84,17 9870 82,77 9998 81,08
30 1 51450 80,09 72240 79,57 76460 78,56 77140 76,62
30 10 372200 73,91 519300 72,67 532500 72,15 517500 70,66
30 100 2203000 61,24 2880000 58,5 2957000 57,47  6(IHL 56,18
30 400 5325000 49,76 6720000 47,21 6695000 45,67 6298000 43,68
40 0,1 923,8 87,75 1045 88,01 1219 85,2 1478 84,46
40 1 7931 84,5 10040 84,36 10480 83,49 12410 81,62
40 10 64000 79,57 83200 80,26 84570 79,46 96210 77,55
40 100 463400 73,61 611900 72,92 602000 72,35 655900 70,74
40 400 1386000 67,05 1825000 67,08 1752000 65,08 1882000 63,29
50 0,1 148,4 89,26 168,4 89,58 196,9 86,99 252,6 86,03
50 1 1449 87,36 1704 87,77 1881 85,45 2256 84,94
50 10 13060 84,09 15590 84,17 16980 83,65 19230 82,21
50 100 107000 79,59 127200 79,49 138700 79,07 147900 77,76
50 400 355100 75,72 423500 76,02 457500 75,02 470200 74,11
60 0,1 28,96 89,73 36,98 90,1 41,81 88,69 54,02 0988,
60 1 285 89,07 361,2 89,41 379,5 85,91 4949 85,55
60 10 2737 87,02 3492 86,9 3376 85,89 4405 84,99
60 100 24300 83,56 30910 83,34 29450 83,31 36760 81,84
60 400 86020 80,49 109800 80,45 101800 80,42 122000 79,14
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I FATIGUE------ FROM BINDER
TO MIXTURE

7.1 Introduction

Fatigue is a common phenomenon in most materiats refers to the changes in
properties resulting from the applied cyclic loatlisually, fatigue results in a
reduction in stiffness and strength, and ends fréttture.

7.1.1 Fatigue in asphalt mixtures

7.1.1.1 Fatigue phenomenon

In many countries all over the world, traffic loadse increasing not only in
number, but also in magnitude. As a result, thesgeasing vehicle loads
accelerate the deterioration of asphalt pavememnt,l@ad to fatigue cracking of
which examples are shown in Figure 7.1.1.

Figure 7.1.1 (a) Low-severity fatigue crack, (b)dwen-severity fatigue crack,
and (c) high severity fatigue crack (alligator ¢dag¢Martin 2006)

The cracking can result in moisture penetrationciwhcould weaken the soil
foundation. The combined effect of loads, crackeakened foundation etc. will
lead to rapid failure of pavement structures. Tiwees it is meaningful to further
understand the fatigue mechanism in relation thaspavement performance.
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7.1.1.2 Fatigue failure mechanism

Most fatigue cracks can be observed at the aspaface. According to the
formation mechanism, two types of fatigue crackamg defined, being “bottom-
up” and “top-down”.

Figure 7.1.2 shows the development of the strediseso a moving wheel applied
to an element in the pavement and how they charitfpetime. Traditionally, it is
believed that bottom-up cracking which propagateward is due to the tensile
stress at the bottom of the asphalt layer. Graguéllbecomes visible at the
pavement surface as some longitudinal or transvenaeks in the wheel tracks,
forming even a cracking pattern like the alligagkin in a serious situation
(Molenaar 2007). The accelerated pavement tesewire, Lintrack of the Delft
University of Technology proved the presence okt¢heracks and growth at the
bottom of the asphalt layer (Medani and Molena&(20

Stres:

Moving wheel loac A

Vertical stres:
Shear stres (Compressive

'

Horizontal stres
(Compressive

N
el

Pavement structul

Vertical stres:

Horizontal stres
(tensile at the bottol
of stiff layer)

Typical elemen

(@) | (b)

'

Figure 7.1.2 (a) an element in a pavement andi@ses on the element

With respect to the top-down cracking, some resemrandicate that these cracks
initiate at the surface, and are mostly due tanbrezontal shear stresses under the
tire in the wheel track (Molenaar 1983; Gerrits&88). These shear stresses result
in local high tensile strains nearby the tyre edged are responsible for the
premature longitudinal surface cracking. Severanb@n hardening occurring at
the surface also contributes to the early top-damacking (Rolt 2000). The
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occurrence of this cracking has little to do witke tstructural strength of the
pavement.

7.1.1.3 Laboratory methods and criteria

Methods

In the laboratory, the parallel-plates (P-P) devicéhe dynamic shear rheometer
(DSR) is normally used to evaluate the fatigue progs of bitumen and mortar.
Figure 7.1.3 shows some phenomena taking placeglthe fatigue testing in the
DSR (Bodin, Soenen et al. 2004).

. 8 mm
Pure fatigue

- fatigue failure is independet

of gap settings < :
- no change in sample during test——* *

[
»

A

- abrupt total fialur
20 °C

Fatigue + flow
- gap dependent behavior, larger

faster failure _
- a gradual decrease in sample ra

during testing
- cracks are visible after testing,
— Q]

the figure shows

40 °C

Pure flow failure
- gap dependent behavior /
" - decrease in sample radius during tes
- no visible cracks, smooth surface View of the DSR device
- not further investigated during the fatigudest

&

Figure 7.1.3 Schematic representation of the diffephenomena taking place in
the DSR during binder fatigue testing (Bodin, Soeetal. 2004)

With respect to asphalt mixtures, Figure 7.1.4 gigesummary of several fatigue
testing methods. Different countries in Europe @redlifferent methods. For
example, the four-point bending beam test is ndgmeded in the Netherlands, the
indirect tensile test in Sweden, and the two-pdiaehding test in France. The
fatigue result is related to the method, the sizepmcimen, loading mode, etc.
Whatever test is used, the results only reflectfétigue properties of specimen,
and not the properties of the material. In orderelate laboratory fatigue to field
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fatigue, shift factors are needed, which vary hygelie to different testing
conditions and the field environment.

E. -I."_-' ’
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* * \
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Figure 7.1.4 Schematic summary of several fatigast mmethods: (a) two point
bending; (b) four point bending; (c) three poinhdmg; (d) rotating bending; (e)
direct axial loading; (f) direct axial loading (d specimen); (g) the indirect
tensile test

Traditional fatigue criteria

Fatigue tests in the laboratory are normally penkxat in two loading modes: the
strain controlled and the stress controlled modethke strain controlled mode,
fatigue failure is defined when a 50% reductiortha initial stiffness modulus is
reached. In the stress controlled mode, fatiguar&is traditionally considered to
occur when the modulus is at 10% of its originaluea These definitions are
somewhat arbitrary and do not represent the intstage of the material.

The dissipated energy criteria

An estimate of the fatigue life based on dissipatadrgy was reported by van
Dijk et al. (1972) and Chomton et al. (1972). Dadfte viscoelastic behaviour of
asphalt mixtures at ambient temperatures, enerdisspated during loading and
unloading periods, as demonstrated in Figure 7id.5vhich the comparison
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between a linear elastic material and a viscoelaste is given. Within an elastic
material (Figure 7.1.5b), all the energy is starethe material during the loading
period and will be recovered during the unloadirgyigd. For a viscoelastic
material, there is a hysteresis loop during theliltga and unloading periods
(Figure 7.1.5c). The dissipated energy is equivalerthe area within the loop.
The sustained hysteresis was stated as a necessatiyion for fatigue, and was
related to the rate of damage accumulation (ErBeralnick et al. 1993). It is
commonly believed that a large part of the disgiganergy is translated into heat,
and just a small part contributes to damage duhedatigue test.

I I I Dissipated
energy
)
o S o
c & c
o) —_ S i
c he) © A\QQ»
o @®© @ &
B o ol ¥
a < ~
& S
v &
&
\0
0@
Time Deflection Deflection
@ (b) (c)

Figure 7.1.5 (a) Load versus time applied on spegirfb) a linear elastic
behaviour, and (c) a viscoelastic behaviour (Ro@@6)

When a viscoelastic material is sinusoidally logdaad the load and deflection
relationship are expressed using stress and stn@lissipated energy per loading
cycle is obtained as follows:

W =70 Sing 7.1.1
where,
w =dissipated energy at cycie
o =stress amplitude at cycle
g =strain amplitude at cycle, and
@ =phase lag at cycle.

Hopman et al. (1989) proposed a ratio of energgighkgion, and the following
researchers (Pronk 1995; Anderson, Hir et al. 20@ined it as dissipated energy
ratio (DER) which was defined as follows:
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2 71.2

where,
ZWi = the total sum of dissipated energy up to cyclanal

w, = the dissipated energy at cycle n.
Bahia et al. (2001applied the DER concept to analyze the fatigue \nehaf
binders under strain and stress control modeshaw/n in Figure 7.1.6. The
intersection of the two asymptotes determines dkigde life ().
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Figure 7.1.6 Fatigue life criterion under the strand stress control modes (Bahia,
Zhai et al. 2001)

Ghuzlan and Carpenter (2000) proposed a fatigueriom based on dissipated

energy for asphalt mixtures, named as a ratiossipiated energy change (RDEC).
This criterion was defined as the change in dissgha&nergy ADE) between
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cyclesn andn+1 divided by the total dissipated energpK) at load cyclen,
following:

ADE _ ZW _Z‘Wi

DE Z”:Wi

n+l ‘

7.1.3

where,

ZWi = the total sum of dissipated energy up to cyclena,

n+l

Zw = the total sum of dissipated energy up to cyclé.n+

Bahia et al. (2001) stated that tﬁé)EE approach was more useful in the stress

controlled mode than in the strain controlled tdste scattered points shown in
Figure 7.1.7 made it impossible to clearly defihe N, value from the strain
controlled test.
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Figure
7.1.7 Ratio of dissipated energy change (RDECEgutite strain and stress
control modes (Bahia, Zhai et al. 2001)

- 147 -



Chapter 7 HGUE------ FROM BINDER TO MIXTURE

Fatigue models based on the dissipated Energy

Several models had been made to build the reldtiprizetween fatigue life and
the dissipated energy. Van Dijk (1975) proposedigue relationship between the

number of load applications to fatigue lif8l() and the total dissipated energy per
unit volume to the fatigue point, characterized by

W = ANf 7.1.4
where,

W, = total cumulative dissipated energy to fatiguéufai, and

A andz = factors related to the properties of material.

Function 7.14 can also be transformed to the falgvequation,

— W, 2
W= = AN 7.15

f
where,

w = the mean energy dissipated per cycle.

An important parametay was introduced by Dijk (1975) and defined as folo

W :M, with W, .., =N, O7ld, (&, Bing, 7.1.6

tot
where,

o, =the initial stress,
& = theinitial strain, and
#% = the initial phase angle.

As indicated in Figure 7.1.8, this parameter prot@de related to the loading
mode and the mix stiffness (van Dijk 1975). Fort@aia control modey was

between 1 and 1.5, and for a stress control modeas between 0.5 and 1. It was
almost close to 1 for both control modes as théns8s increased in magnitude.
This meant that at a high mixture stiffnegswould be independent of loading

mode.
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Figure 7.1.8 Relation ofy and mixture stiffness modulus for the asphalt cetec
(van Dijk 1975)

Combining the functions 7.1.5 and 7.1.6, van Dij®{5) devised the following
fatigue life relation:

2
7—

i 12
N, :[ﬂ[Snitial Bln%]z—l 2,1

7.1.7
Ay

where,
Suia = 0o/ &, the initial fatigue stiffness modulus.

A simple fatigue model for the mortar was developgdo (2010), as follows,

W
N. = initial \—b
i (—W0 ) 7.1.8
where,
W... =70, F,Bing, the initial dissipated energy,

W, =the energy limit that will lead to failure withome cycle, and
b = model constant.

Although Mo’s relationship between the initial dssted energy per cycle and the
number of cycles to failure may not be well expdainby a simple power law
describe above, this model showed a good fit viieghtest data (Mo 2010).
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The fracture mechanics approach

In the mechanistic approach, fatigue behavior phak concrete was considered
as a damage process, and fracture mechanics pemeyere used in order to take
into account the detrimental effect of stress catregions around the crack tip of
asphalt mixtures (Paris and Erdogan 1963; Moled&&3; Molenaar 1984; Si,
Little et al. 2002). Fatigue life, under a giveatstof stress, was defined as the
number of loading cycles during which damage ineedaaccording to a crack
propagation law from an initial state to a crititalel (Si, Little et al. 2002).

This approach was based on the fracture mechahesy, and Paris’s crack
growth law (Paris and Erdogan 1963) was used, wisiels follows:

dc
— = AK" 7.1.
dN 9

where,

K = stress intensity factor,
Cc =crack length, and
N =number of loading cycle.

The stress intensity facta¢ depends on the structure and the type of loading.
Three loading types are summarized in Figure 7.1.9:

%

L 4
N

Mode 1 Mode 2 dldoc

Figure 7.1.9 Three modes of loading to describecthek growth phenomenon
(Broek 1991)

The first is the opening mode with tensile or begdstresses; the second is the
sliding or shearing mode with shear stresses; laedaist one is the tearing mode
with torsional stresses. The first two modes amy v@portant to the initiation of
asphalt’s cracking. Bending stress in mode 1 abtteom of layers could lead to
the bottom-up cracking in the asphalt. Shear stiessnode 2 and loading
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conditions following mode 3 could take place at tbatact area between tire and
road, and results in the top-down cracking.

Given A andn are know, the fatigue life of the material candaéculated using

following equation:

:J-Cf dc
o AK"

7.1.10

f
where,

G =the initial crack length, and
Ci  =final crack length.

Molenaar (1984) gave tha-value between 510° and 510° N/mnm°, andn-
value between 2 and 5 using uniaxial tensile testsvarious Dutch mixtures,
tested at frequencies between 1 and 10 Hz, anceratopes between 5 and 25 °C.

do A

199 g 4 e
phase 1: | phase 2: phase 3:

initiation propagation | disintegration

log AK g
Figure 7.1.10 Fatigue crack growth (Ewalds and Wah886)

As shown in Figure 7.1.10, there are three digtirc$tages in fatigue: initiation,

propagation, and failure (Ewalds and Wanhill 198&. in this figure was the

difference between maximum and minimum stress sitgnfactor K during

dynamic loading. The three phases are definedliasvi

-- The initiation phase: the development of miceas.

-- The propagation phase: the development of ma@cks out of microcracks. In
this phase, a stable crack growth occurs.

-- The disintegration phase leading to collapse faral failure of the material. In

this phase, an unstable crack growth can be olserve
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7.1.2 Fatigue in polymer-clay nanocomposites (PCN)

An interesting fatigue phenomenon of one nanocoitgbss been reported by Jin
et al (2006). In this research, polyurethane ussddamping material, was
modified by 3 wt.% of an organic nanoclay, and atercalated nanocomposite
was synthesized. The clay layers showed reverdifiermation behaviour during
the uniaxial tension fatigue test, and this behaviwas recorded through the
change of the basal spacing of clay layers meatwyeRD. Figure 7.1.11 gives a
schematic diagram for this reversible behaviour.

Based on this behaviour, it was assumed that eaithcamposed of two clay
layers and intercalated polymer chains behaved &k@éanospring. On this
assumption, these nanospring systems could playportant role in reducing the
concentrated stress in the material, and prevendéivelopment of fatigue cracks.
Therefore, the fatigue resistance of composite iwgwoved, which had been
proved by the experiment

BN R

Origimal Removed

PUE

chains

Stretching

Figure 7.1.11 Schematic diagram of the basal sgamina nanoscale change
during the uniaxial tension fatigue test (Jin, Clkéal. 2006)

7.1.3 Conclusion

Although fatigue of asphalt mixtures is a compkthphenomenon, the methods
and theories introduced above give possibilitiegvtaluate fatigue properties in

the laboratory. It should be realized that the ltesabtained in the laboratory only

reflect the fatigue properties of specimen itsalbf the properties of material.

However, they are still useful and meaningful foavement design and

determining effect of mixture modification.

It is arbitrary to define the fatigue failure otdomen or asphalt mixture specimens
as the number of load repetition at which the s#i$s modulus reduces to a 50%
of the initial stiffness modulus in the strain aatied mode or to 10% of the initial
stiffness modulus in the stress controlled modéh@gh the fracture mechanics
approach gives a fundamental description of fafigues more complicated and
beyond the scope of this study. By comparisondibsipated energy ratio (DER)
gives a clearer definition of fatigue failure, esipdly in the stress controlled mode.
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Therefore, this method is used in evaluating thigda properties of bitumen and
motar in this research.

Polymer materials normally benefit from the additiaf nanoclay in the terms of
mechanical properties, thermal stability and bampperties. The main reasons
for these improvements are the strong interfacisdractions between the matrix
and the nanoclay, and the size effect of the nagd&ay, Bousmina et al. 2005).
However, weak interfacial interactions could evewrsen these properties.
Unfortunately, only a limited amount of literatutan be found about the
contribution of nanoclay to the fatigue propertégpolymer. The reason could be
that fatigue was not the main research focus intnRGN materials, when
comparing with other properties. However, fatiggeoae of main damage forms
of asphalt has to be taken into account when mgjfyasphalt mixture with
nanoclay.

7.2 Experimental program

7.2.1 Raw materials
The materials used in this study include bitumeantmorillonite nanoclay (Mt),
filler, fine sand, and stones.

7.2.1.1 Bitumens

Bitumens with normal paving grades, 40/60 (A) afdL®@0 (B) were provided by

Kuwait Petroleum Research & Technology B.V., andemesed as base material
for the modification. Their empirical rheologicatoperties are listed in Table
7.2.1. More detailed information about the rheatagiproperties of base and
modified bitumens can be found in Chapter 3.

Table 7.2.1 Empirical rheological properties ofd&ohgumens

Bitumens Penetration @ 25°C [0.1mm] Softening pgha]

Fresh RTFOT PAV Fresh RTFOT PAV
A (40/60) 42 27 17 50.0 55.4 61.6
B (70/100) 77 47 28 46.0 51.2 57.2

7.2.1.2 Montmorillonite nanoclay (Mt)

Two organo montmorillonites, the Mtl and the Mt2ravaised to modify the
bitumen. They were provided by the Fenhong Clayndibal Factory, China. The
Mtl had been organically treated by octadecyl tthmeammonium salt, and the
Mt2 by benzyl dimethyl hexadecyl ammonium salt. Thelecule structures of
these two cations contained in the nanoclays averishn Figure 7.2.1. The Mtl
has an apparent density of 1.78 gicamd the Mt2 of 1.83 g/cinMore detailed

information about the nanoclay can also be foundhapter 3.
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CH
|\|]+/CH3

|
HaC

(a) Octadecyl trimethyl ammonium cation

H3C

3V +
HsC N
3 \/\/\/\/\/\/\/\/ \CH3

(b) Benzyl dimetthdxadecyl ammonium cation
Figure 7.2.1 Schematic molecular structure of amuomrsalt cations: (a) in the
Mtl and (b) in the Mt2

7.2.1.3Filler and sand
In this study, fine sand and filler were blendedwbitumen for the preparation of
the mortar. The sand used was crushed sand witdmgnal maximum aggregate
size of 2 mm. The gradation is shown in Table 7.Zt density of the fine sand
is 2.675kg/m

Table 7.2.2 Grading of fine sand

Sieve size [mm] 4.0 2.0 0.5 0.18 0.063
Passing percentage [%] 100.0 93.6 34.1 11.0 1.8

The applied filler was a Wigro 60k limestone fillaith 25-35 wt. % hydrated
lime. Its characteristics are listed in Table 7.2.3

Table 7.2.3 Characteristics of Wigro 60K

Limestone Hydrate Bitumen Cumulative Solvabilit

Density powder d lime number retained on the sievey in HCI Voids

kg/cnt Wt.% Wt.% ml/100g % Wt.% vol.%
2mm :0

2475-2675 65-75 25-35 56-62 0.09mm : 0-15 68-88 44-50
0.063mm: 5-25

7.2.1.4Stones
Crushed Norwegian granite was used in the asphatura. Through sieving by
hand, the granite was divided into seven piles tohes with different sizes.
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Apparent particle densities of the stones aredigteTable 7.2.4, and the particle
size distribution of each fraction is shown in TeaBl2.5.

Table 7.2.4 Apparent particle density of stones
Size of stones [mm]11.2-16 8-11.2 5.6-8 4-5.6 2-6 1-2 0-1

Apparent particle 219 1 5706 92629.9 2700.7 2702.6 2682.7 2647.8
density [kg/ni]

Table 7.2.5 Passing percentage for each typenést[%]

Sieve size Size of stones [mm]

[mm] 11.2-16 8-11.2 5.6-8 4-5.6 2-6 1-2 0-1

0.063 0.0 0.0 0.0 0.30 0.2 0.0 7.0
0.18 0.0 0.0 0.0 2.6 1.3 0.0 28.7
0.5 0.0 0.0 0.0 4.60 1.7 0.0 66.2
1 0.0 0.0 0.0 6.90 2.7 2.0 100.0
2 0.0 0.0 0.0 13.9 13.8 74.3 100.0
2.8 0.0 0.0 0.0 30.0 30.0 98.0 100.0
4 0.0 0.0 0.0 51.2 71.9 99.9 100.0
5.6 0 0 2.0 100.0 96.7 100.0 100.0
8 0 18.8 87.6 100.0 100.0 100.0 100.0
11.2 4.6 88.7 100 100.0 100.0 100.0 100.0
16 86.3 100 100 100.0 100.0 100.0 100.0

7.2.1.5Specimen preparation
Bitumen

With respect to bitumen, fatigue testing was comellicon the base bitumen
70/100 (B) and bitumens modified by two organic adays Mtl and Mt2. The

preparation of modified bitumen has been discusseetail in Chapter 3. Fatigue
tests were done on the virgin bitumens. Ageing ardg taken into account in the
fatigue test performed on the mortar. Table 7.2/6gythe codes of bitumen in the

fatigue test.

Table 7.2.6 Codes of base and modified bitumend wsthe fatigue test

Codes Nanoclay type Clay content [mass %]
70/100 (B) - 0

B+4%Mtl Mtl 4

B+4%Mt2 Mt2 4

Mortar

The mortar consisting of bitumen, filler, and sasdhe real glue that binds the
aggregate particles together in the asphalt mixtéecording to Muraya’s
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research (2007), aggregate skeletons of porousligptAC), stone matrix asphalt
(SMA), and dense asphalt mixtures are composedgregates lager than 0.5 mm,
2mm, and 0.063mm, respectively. The aggregatesthess0.5mm and 2mm for
PAC and SMA specimens were observed to segregatgyduixing. Based on the
observation, he concluded that particles less th&mrmm and 2mm for PAC and
SMA were not part of the aggregate skeleton. Tloeegfthe fine sand was sieved
by hand in this research and the part smaller th&rmm was only used in the
mortar’s preparation.

It is well known that the ageing and fatigue of thertar used in porous asphalt
concrete could result in raveling. This was thesomawhy fatigue properties of
mortar were investigated in this study. The follogvimass ratio for the mortar was
adopted in this study, 0.34:0.30:0.36 (bitumenlerfi: fine sand). Two types of
bitumens, base 70/100 (B) and one modified by M&ewsed in the mortar’s
preparation. The filler and fine sand were unifgrrolended with bitumen at a
temperature of 175°C.

In addition, the mortar was subjected to a shodirag protocol to simulate the
ageing that occurred during mixing, laying and cantn of the asphalt mixture
in the field. The process of the ageing was a®Wdl first, the mortar was heated
to 185 °C and then poured over a flat silicone papehe tray to form a film with
a thickness of 2 mm; next, the tray was kept inocaen for 1.5 hours at a
temperature of 175 °C; finally, the mortar on thaytwas taken out for the
specimen preparation.

A special mould made of silicone plastic was destgfor preparing the mortar
specimen. After mixing and ageing, the mortar weatéd to 175 °C, and agitated
until it was flowable. Then, the mortar was carfyloured into the mould. After

casting, the mould was placed in an oven with goature of 175 °C for a few
minutes to remove air voids in the specimen. Atitat, the mould was first cooled
down at room temperature, and then stored at -li@°€hours till the specimens
could be removed from the mould. The whole proeeskthe size of the specimen
are shown in Figure 7.2.2. More information on gp@cimen preparation can be
found elsewhere (Khedoe and Moraal 2007; Mo 2010).

Long term ageing of the mortar could not be neglécand had been performed
by Khedoe and Moraal (2007) using a weatheromdtee. data about the long
term ageing presented by Mo (2010) however shovired complexity of the
weatherometer method. To better qualify the effettthe nanoclay on the
properties of the mortar, it was therefore decittedo the fatigue tests only on the
fresh and short term aged mortars.
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Figure 7.2.2 Preparation of the mortar specimengpdu left: steel rings and
silicone mould; upper-right: casting hot mortarointhe mould; bottom-right:
opening the mould to remove the specimens; botefinthe obtained specimen
and its geometry) (Khedoe and Moraal 2007; Mo 2010)

Mixture

Two mixtures, one with the base bitumen (A 40/6@) another with the modified

bitumen (A+4%Mt2) were prepared for the fatigud.t&he mass content of each
component in the mixture is given in Table 7.2.heTgradation (0/16) of the

dense mixture is shown in Figure 7.2.3.

Table 7.2.7 Mixture components for dense mixtufié @lesign

Component type % [mass/(total mass of aggregates)]
22.4-16 0
16-11.2 14.0
11.2-8 14.0
8-5.6 15.0
5.6-4 12.0
6-2 11.0
2-1 13.0
1-0 15.0
Wigro 60k filler 6.0
bitumen content * 6.0

*: Bitumen content on 100% aggregates by mass
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Figure 7.2.3 Gradation of dense mixture 0/16.

Marshall specimens were prepared by compacting saehof specimen with 75

blows. To reach the same air void, the mixing terappges were 170 °C and 175
°C for the base and modified bitumen, respectivélgr each mixture, five

Marshall specimens with a thickness of 35 mm wespared for testing. Their

volumetric properties are presented in Table 7.2.8.

Table 7.2.8 Codes and fatigue test conditionsHemixture
Specimen*Air voids [%] Stress [MPagpecimen*Air voids [%] Stress [MPa]

SM-1 3.0 1.92 MM-1 2.8 1.92
SM-2 3.1 1.61 MM-2 3.0 1.62
SM-3 2.5 1.20 MM-3 2.3 1.19
SM-4 2.5 0.89 MM-4 2.8 0.89
SM-5 3.0 0.50 MM-5 3.3 0.50

*:Note that SM is the standard mixture specimand MM is the modifie
mixture specimen. All of them are with a height3¥ mm and a diameteaf
101.5 mm.

7.2.2 Test description and interpretation

7.2.2.1 Testing of the bitumen
Test description
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The cone and plate (C-P) device was used in the RBBR000ex to perform the

bitumen fatigue test. As shown in Figure 7.2.4,dfemeter of cone and plate was
8 mm, the angle of cone was 26.6°, and the thickoésdge film was 2 mm. The

tip of cone was cut off over a height of 0.065 nand a gap of this magnitude
(0.065 mm) was kept during the test to avoid blogkby some fine particles from

bitumen.

Figure 7.2.4 Image of the C-P device used in thigua test

Table 7.2.9 gives the testing parameters. The teste performed in the stress
controlled model and at a temperature of 10 °Ced@&lshear stress levels were
chosen in order to limit the fatigue time betweerid 3 hours and assure an
adequate development of fatigue damage in the ssmpl

Table 7.2.9 Parameters in the bitumen fatigue test

ltems Value
Applied shear stress [MPa] 0.4,0.5,and 0.6
Frequency [Hz] 10
Temperature [°C] 10
Duration [hours] 1-3
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Test interpretation

As introduced in section of 7.1.1.3, the paralleitgs (P-P) device in the DSR
instrument was used for the fatigue test on bitunidre following paragraphs
discuss why in this study the C-P device was preteover the P-P device.

7 =Y

Figure 7.2.5 Schematics of (a) a C-P device insjiteerical coordinate system
g, ¢, and (b) a P-P device in the cylindrical coordengystenr , @, z

Figure 7.2.5 gives the schematics of both devioedifferent coordinate systems.
Using the spherical coordinate systémé, ¢ for a C-P device, the Newtonian

constitutive equation for the flow in the spacassollows:

0 0 0
Q Q
r=|0 0 — +— (=-8)cotd
z 17(@0 o, (2 )cotd ) 7.2.1
0 12 +2 % _p)cotd) 0
0, 9, 2 60
where,
L = shear stress tensor,
1 = viscosity of flow,
Q =angular velocity of the cone, and

JO)

= cone angle.

Then, this constitutive equation can be transfortoezhe simple scalar equation:
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Q T
r=n—|1+E-0)cotd| (T_ T
/7@0{ (2 ) }(2 0Q,<0< 2) 7.2.2
where,

T =the stress scalar.

Equation 7.2.2 indicates that is only related t&@, when other parameters can be
regarded as constants.
If the cone angle®, is extremely small, ané is close tog, we obtain

r, =T ‘/73 7.2.3
LzT_eo Lzr O, -

Equation 7.2.3 indicates that the shear stressnstant and uniform in the C-P
device when an extremely small cone angle is udedever, the cone angle,

used in this study was equal to 0.464 rad (aron@°®, and could not be regarded
as extremely small. After substitutiigequal respectively teg—eo and’—ZT into

Equation 7.2.2, we obtain a ratio as follows:
r, :r,=12:1 794

o
o

The ratio means that the shear stress distribdib@s not vary too much, and can
still be regarded as almost constant and uniforthenC-P device.

Similarly, we obtain the shear stress tensoand scalarr in the cylindrical
coordinate system, &, z for the P-P device, as follow:

0 0 0
r= rQ 7.2.5
= H
rQ
0 n— 0
,7 H réyp
and
r=/7? (0O<sr<R) 7.2.6
where,

Q =angular velocity of the plate, and
H =the gap distance between the two plates.
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Equation 7.2.6 indicates that the shear stregsthe middle of plate is equal to O,
and reaches the maximum of% at the edge. Therefore, the shear stress

distribution in the P-P device is not uniform, whimeans that the fatigue cracks
as shown in Figure 7.1.3 can not occur at the same. More mathematical
background about this can be found in the book byridon (2001).

The fatigue failure in the C-P device (Figure 7)2vas annular, and visible from
the edge to the centre which is due tot the unif@hear stress, and the
simultaneous fatigue occurrence on the whole essgon.

Figure 7.2.6 Typical fatigue failure impressions tbe cross section in the C-P
device

Figure 7.2.7 shows the comparison between fatiguees (the dissipated energy
ratio versus the number of loading cycles) usinth lmevices on the base 70/100
bitumen. Fatigue life hereafter was defined asniln@ber of cycles corresponding
to the peak point of curve. As indicated, the fatidife determined by the C-P
device was shorter than that determined by thedevite at the same shear stress
level, which meant that the C-P device can save tdttime to complete the
fatigue test. A shift factor of around 1.5 was abed for the fatigue life
determined by the C-P device to the one determinyethe P-P device. This shift
is related to the internal shear stress and thermmabvolume in each device.

Because of the advantage of the uniform shearssttis¢ribution and the shorter

time needed for a fatigue test, the C-P device pvaferred to evaluate the fatigue
properties of bitumen.
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Figure 7.2.7 Comparison between fatigue curves wisarg the C-P device and
the P-P device at three shear stresses.

7.2.2.2 Testing of the mortar

Test description

Figure 7.2.8 shows the setup for the mortar fatigisés as performed by means of
the DSR AR 2000ex. The installation process wafml@ws: first, fixing the top
steel ring of specimen by the clamp and adjustirig be vertical, then lowering
the specimen to touch the bottom plate, and cogeitie bottom ring with the
epoxy glue. The mortar specimen was protected byritigs, and there was no
deformation or creep due to fixing. After hardenimigthe glue, the test can be
performed. The adhesion between the mortar antrgtgewas found to be strong
enough, and no failure between them was observedgltesting. The applied
torque time signal was a pure sinusoidal wave uridegue controlled mode.
Table 7.2.10 gives the parameters used in the nfatigue test.

In addition, a frequency sweep on the mortar specimas performed to obtain

the rheological properties at temperatures of 019°C, 20 °C, and 30 °C. The
applied shear strain stayed within the linear \é$astic range.
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Figure 7.2.8 Device for the mortar fatigue tesDBR AR 2000ex

Table 7.2.10 Parameters used in the mortar fatiegte

ltems Value
Temperature [°C] 10
Frequency [ Hz] 10
Time [hours] 0.5-3
Shear stress level [MPa] 1.0-1.3

Test interpretation

Shear stress and strain at the outer edge of tmamuplumn can be calculated

using the following standard equations:
L= 2xT

and
_rxg
V= h 7.2.8
where,

T =torque, N-mm,

r = specimen radius, 3mm here,
Y = shear strain,

¢ = deflection angle, rad, and

h = specimen height, mm.

Figure 7.2.9 gives two fatigue failure modes foe gpecimens. The upper one

failed at the conjunction part between the mortad the ring, which was due to
the effect of stress concentration. The bottom failed in the middle part of the
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specimen. When observing the failed specimens,amned that the second case
mainly happened when there was a surface defediodihe specimen preparation.
Results indicated that most specimens failed fahgvthe first mode and just few
specimens following the second one. Only the datained from specimens that
failed following the first mode were used.

Figure 7.2.9 Two fatigue failure modes for the randpecimen

Through a finite element simulation, Mo (2010) necnended a calibration factor
k=1.1to the standard stress in Equation 7.2.7, tiek[{2xT)/(7rxr®)) and an

effective heighth=12.742 mn in Equations 7.2.8, respectively. Note that these
calibrations were suitable to the first fatigudide mode shown in Figure 7.2.9.
These two calibration parameters were used irsthigy.

7.2.2.3 Testing of the mixture

Test description

The universal testing machine capable of generaingaximum loading of 25 kN
(UTM-25) was used in the mixture fatigue test amel tesilient modulus test. The
latter test was finished in the Wuhan UniversityTaichnology who owned the
same machine as TUDelft. Figure 7.2.10 shows tleeisen loading apparatus
and deformation sensor mounting system in the UBM-Zhe load with a
resolution of 1 N was applied over the specimenugh the upper strip with a
width of 12.5 mm. The lower strip with the same thiadvas fixed firmly to the
base plate. Two horizontal sensors were recordargdéntal deformations within
the range of +0.5 um. The vertical sensor was depatbrecording the vertical
deformation within a range of £1.0 um. The test wadormed in a temperature-
controlled cabinet which can control the temperatuithin £0.1 °C.

Detailed testing conditions are given in Tables.I12and 7.2.12. More
information about these two tests were presentsvdiere (Poot, Ven et al. 2008)
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Figure 7.2.10 Indirect tensile testing device for tatigue test and resilient
modulus test

Table 7.2.11 Detailed parameters used in the neXtaigue test

Temperature [°C] 5
Frequency [ Hz] 10

Time [hour] 0.5-20

Stress level [MPa] 0.5-2.0
Waveform Haversine
Recorded data Vertical displacement

Table 7.2.12 Input parameters used in the resiti@dulus test

Parameters Values/Description

Loading mode Dynamic indirect tensile test
Waveform A haversine plus a rest period
Pulse width [ms] 63, 125, 200, 300

Ratio of the total pulse period to the pulse

width (T, /T,) 10

Assumed Poisson'’s ratio 0.35

Resilient horizontal

Recorded data .
displacement

Test temperature [°C] 5,12.5 20, 35

Loading amplitude 2 kN at 5°C; 1.2 kN at 12.5°C;
0.6 kN at 20°C; 0.1 kN at 35°C

Recorded Pulse cycles Last5
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Test interpretation

Figure 7.2.11 shows 2D stress distribution in thecgnen. This uniform tensile
stress over most of the height of the specimen Ignaiontributed to the fatigue
damage of the specimen. However, some factors codildence the test and
especially the presence of rather high compresdremgth near the load strips can
not be neglected, especially at higher temperaties example, testing at high
temperatures could lead to plastic deformation.cduld also decrease the
difference between the tensile strength and thepcession strength (Molenaar
2002). As a result of this, wedging or compresdagure might occur at the
loading strips. In order to avoid these failuregypa temperature of 5 °C was
chosen for the fatigue tests, and the applied leessiess was taken much lower
than the tensile strength.

PLIED
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8 ) Vertical
€l
oymax Stress
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E \
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Figure 7.2.11 2D stress distributions for the iadirtensile fatigue test

With respect to the resilient modulus test, lenth0% of the indirect tensile
strength at the testing temperature was selectéaedsad amplitude, and 10% of
the load amplitude was used as the contact loamhamtain a positive contact
between the loading strips and the specimen duhiegest. The resilient modulus
was calculated for each cycle using the followiggation:

F
E =—"(0.27+v 2.
; AHt( ) 7.2.9

t
where,

E. = resilient modulus, MPa,

Fe = peak force, kN,
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U = Poisson ratio, 0.35,
t = thickness, mm, and

AH, = total recoverable horizontal deformation, pm
The resilient modulus was obtained by calculatingaaerage of the values of the
last 5 pulses.

7.3 Fatigue results and analyses

7.3.1 Binder fatigue

Figure 7.3.1 presents a typical fatigue curve oletéiby the cone and plate device
using the dissipated energy ratio (DER) methodinéigcated, the development of
the fatigue curve was divided into three stagest,fihe relation between N and
DER can be represented with a straight line, wihnelant that the energy per cycle
was dissipated in linear viscoelastic damping, dachage was negligible. Next,
the curve deviated from the straight line, indicgtthat the fatigue crack initiated
by consuming extra energy beyond viscoelastic daggtinally, the crack started
to propagate, and ended with the final failure tuaccumulation of damage. A
graphical method was proposed to define the nurobrad repetitions at which
crack propagation starts. This number was detemniethe intersection of the
straight line and of the horizontal line passingotlyh the peak of the curve
(Santagata, Baglieri et al. 2008). The fatigue ewan reflect the development of
fatigue undergoing the transition from initiatioo failure. The peak of fatigue
curve defines clearly the fatigue lifg iIN the stress control mode.

1.5E+04
— Fatigue life line
— Equality line
1.0E+04 ~ A L
i %
° AN
. Crack !
5.0E+03 prOpaga;non
0.0E+00 ‘ - oo
Nf

0.0E+00 5.0E+03 1.0E+04 1.5E+04 2.0E+04

Number of loading cycles, N

Figure 7.3.1 Typical fatigue curve representednaydissipated energy ratio
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Figures 7.3.2a, b and ¢ show the fatigue curveditomens at different loading
levels. It appears that the cluster of curves chdagure deviate from the equality
line at the same point, meaning that bitumens owthedsame first stage. With
respect to the next two stages, the curves showedbsious difference. The
modification with 4wt. % of nanoclay can improve tfatigue life of base bitumen.
Compared with the nanoclay Mtl, the Mt2 contributedre to the change of
fatigue properties in the last two stages. The gham complex modulus and
phase angle as observed during the test picturdélgure 7.3.2a are shown in

Figure 7.3.3.
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Figure 7.3.2 Fatigue curves for all bitumens at¢hstress levels: (a) 0.4 MPa; (b)
0.5 MPa; (c) 0.6 MPa
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Figure 7.3.3 Change in complex modulus and phagke @uring fatigue test at 0.4
MPa

Table 7.3.1 gives fatigue results as a functioshadar stress, which are plotted in
Figure 7.3.4 using classic power law function.
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Figure 7.3.4 Fatigue life versus shear stressdsetand modified bitumens
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Table 7.3.1 Fatigue results as a function of skeass

Codes Shear stress [MPa] N N as a function of shear stress
B 0.4 60540 ]
05 29460 y :Rgl_gés .554;521
0.6 13680 e
B+4%Mt1 0.4 80280 ]
i 0.5 46920 y = 3816.1¢%%
0.6 19920 R°=0.9644
0,
B+4%Mt2 0.4 103020 y = 4179.8).(3_5982
0.6 23460 e

Figure 7.3.5 gives a comparison of the initial ghiaged energy per cyclen,.,)
for the base and modified bitumens at three loatkngls. It is obvious that an
increase of stress level resulted in an increase, pf. At the same loading level,
W,.., Of the modified bitumens was smaller than thathef base bitumen by an
average of 18%. This decrease is due to an incieagdfness and a decrease of
the phase angle. According to the energy theosynall w, ., implies less damage
happening at the beginning. Therefore, the modib@dmen exhibites a better
fatigue resistance. It is necessary to note thaf, for both modified bitumens are
comparable. However, Mt2 contributes more to thprowement of fatigue life,
by an increase from 70% to 110% as shown in FiguB6. Therefore, it is
concluded that they, ., is not the only factor that determines the fatitjige

initi
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Figure 7.3.5 Comparison of the initial dissipateergy per cycle for the base and
modified bitumens at the same loading condition
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Figure 7.3.6 Fatigue life increase ratio for botbdified bitumens at the same
loading condition

It is believed that the interfacial interactionstvibeen the surfactants on the
nanoclay and bitumen molecules play a key rol&@improvement of the fatigue
life. The surfactants on the nanoclay Mtl contdarmaight carbon chains, and the
surfactants on the nanoclay Mt2 own a straight @arthain plus a phenyl (see
Figure 7.2.1). The reason for more improvemeniatiglie properties by the Mt2

could be that the surfactants on the Mt2 have angér interaction with bitumen

which consists of all kinds of hydrocarbons in terof straight and branched
chains, saturated rings and aromatic rings.

The model introduced by Mo (2010) was used to aiar&e the fatigue life (see
Equation 7.1.8). After fitting, related parametarghis model are given in Table
7.3.2. One can observe thaf increases due to the modification. It is interesti
to note that values of obtain®g are higher than those of the mortar tested by Mo

(2010). This difference is caused by different nseand specimen’s geometry.
The specimen in the cone-plate device has a biggss section. It appears that
W, is not a material parameter. Nevertheless, thanpaters obtained from the

cone-plate device reflect the influence of nano@aythe fatigue properties and
therefore still make sense.

Table 7.3.2 Model parameters based on initial pegsd energy

Bitumens W, [MPa] b [-] R?

B 46.9 1.3653 0.9999
B+4%Mt1l 56.5 1.3418 0.9823
B+4%Mt2 59.9 1.3653 0.9595
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On the basis of this model, Figure 7.3.7 was delviséhich shows the relation
betweenw, ., and the number of cycles to failure. One will alvsethat the same

fatigue line ranking is obtained as the one shawhigure 7.3.4. What is different
is that the fatigue line for B+4%Mt1 is closer hat for base B.
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Figure 7.3.7 Relation between Fatigue life andahdissipated energy per cycle
for the base and modified bitumens

A parametery is introduced by van Dirk (1975) which is the cabetween the
artificial total dissipated energy, based on th&ahvalues of stress, strain and
phase angle, and the real total dissipated enegy Equation 7.1.6) mainly
depends on the type of test and the material e8fn Figure 7.3.8 shows the
relation between complex modulus of bitumens atfétigue test conditions (10
Hz, 10 °C) and the parametgr. In stress controlled modey is normally less
than 1. At three stress levels, base B shows aageealue of 0.95, B+4%Mt1 of
0.92 and B+4%Mt2 of 0.92. The nanoclay modificatinoreases the modulus of
base bitumen, but does not influengeoo much.
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Figure 7.3.8 Relation between the complex modufustomens at fatigue testing
conditions and the parametgr

7.3.2 Mortar fatigue

To better understand the fatigue behaviour of tbetam, it was necessary to firstly
describe its rheological properties and how they affected by ageing and
modification. Figure 7.3.9 shows the master cuiethe mortars with the WLF
shifting at a reference temperature of 20 °C. Fhifting procedure was the same
as the one used for the bituminous materials desttrin previous chapter. Since
four testing temperatures (0°C, 10 °C, 20 °C, and@ were involved, and the
fitted curve was very smooth.

As indicated, ageing resulted in an increase in ¢bmplex modulus of the

standard and modified mortars which was accompahjed decrease in phase
angle, especially in the low frequency range. Tigh frequency part of this figure

was magnified, and shown on the top. By comparisioa,effect of ageing and

modification was determined. It appears that theteracurves of fresh modified
mortar and aged standard mortar almost overlap e, This indicates that the
ageing effect on rheological properties of the déad mortar was similar to that
induced by the modification with the nanoclay.
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Figure 7.3.9 Master curves of standard and modifiedtars before and after the
ageing at a reference temperature of 20 °C
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Table 7.3.3 shows the parameters fitting the masteves of the mortars. The

change in G, J,.., andd_ ., due to the ageing and the modification is as

expected. The process to construct master curvehencelated model have been
introduced in the section 6.2.3 of Chapter 6

Table 7.3.3 Model parameters in fitting master esref complex modulus and
phase angle
Parameter Fresh Fresh Aged Aged
standard  modified standard  modified

. o 32.1 32.1 32.7 32.6
Shiftfactor 250.3 251.1 250.7 251.8
Grax 4.63E+08 6.07E+08 5.45E+08 6.56E+08
Complex Grin 0 0 0 0
modulus B 26.67 23.04 21.34 21.17
Y 0.73 0.70 0.69 0.66
Smax 88.22 83.28 84.90 80.02
Phase dmin 11.57 10.40 10.93 10.36
angle B 9.70 9.88 6.73 7.79
Y 0.22 0.23 0.21 0.22

A ratio of the complex modulus after ageing to tme before ageing has been
defined as an ageing index to the bitumen in previchapter, and was adopted in
this chapter to evaluate the mortar’s ageing pteserFigure 7.3.10 shows the
standard and modified mortars’ ageing index asnatfan of reduced frequency.

At the same frequency, the modified mortar exhibit®ewer ageing index which

means a better ageing resistance. It is believadthie barrier properties of clay
layers to oxygen invasion play a main role in thgilovement of the ageing

resistance of the mortar. With increasing frequernhg difference between the
two index curves gradually decreases. A value olud 1 is obtained at a

maximum frequency of 1000 Hz.
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Figure 7.3.10 Ageing index as a function of reduitedquency for the standard
and modified mortars

In this section, the DER method has also been addptdefine the fatigue life of
the mortar. Figure 7.3.11 shows mortar’s fatigée lines as a function of shear
stress. With respect to the fresh standard mdtiarageing and the modification
improved its fatigue life. Although the fresh maodd mortar and the aged
standard mortar showed almost the same rheologiogkrties (see Figure 7.3.9),
the former exhibits better fatigue resistance thiam latter. Table 7.3.4 gives
fatigue results of mortars at different shear stes Classic power law functions
were fitted to these results and they are alsedist Table 7.3.4.
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Figure 7.3.11 Fatigue life for the standard and iffedi mortars before and after
the ageing, as a function of shear stress
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Table 7.3.4 Fatigue results of mortar as a funatioshear stress
N; as a function ofshea

Codes Shear stress [MPa] \P stress
Fresh standard (])_cg) ggggg y= 37067561957
' R*=0.9997

1.3 9600
1.6 3700

Fresh modified 1.0 61000*
ig 12110500000 y= ]2.18055)'5'0513
1.3 47000 R"=0.9500
1.8 2250
2.1 1600

Aged standard 1.0 37500*
1.0 48000 y = 60883%* 7813
1.3 22000 R?=0.9297
1.3 26000
1.8 2750

Aged modified 12 12620500000 y= %26323)‘?'9331
18 6500 R°=0.9848
2.1 2500

* means the second fatigue failure mode shown guféi 7.2.9 and is not take
into account in the fatigue data fitting.

To get a fundamental understanding on the changtatigue behaviour, the
fatigue life as a function of initial dissipatedeegy (w, .., ) was plotted in Figure

7.3.12. The order of the fatigue lines is the sawmehat which is plotted as a
function of shear stress in Figure 7.3.11. One aaserve however that fatigue
lines are much more susceptibility ¥, than to the shear stress. For example, a

tiny change orw,,,, has a much greater effect on the change of fatitriéhan a
change in the shear stress level.

All mortar data were also fitted using the simpledal (Equation 7.1.8) developed
by Mo (2010). The model parameters are given ind @8.5. As indicated by the
correlation coefficient of & the model showed a good fit with the test datés |
observed thaty, increases due to the effect of ageing and modidicaThe value

of W, is in the same order of magnitude as those regphdageMo (2010) who used
the same test configuration.
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Figure 7.3.12 Fatigue life for the standard and iffedi mortars before and after
the ageing, as a function of initial dissipatedrggeer cycle

Table 7.3.5 Model parameters based on initial deged energy

Fresh standard Fresh modified Aged standard ~ Aged modified

W, [MPa] 0.64 0.72 0.89 0.93
b 2.23 2.27 2.11 2.30
R2 0.9942 0.8346 0.8991 0.9999

Figure 7.3.13 shows the relation between the commledulus and the parameter
y for the mortars. Compared with bitumens (Figurg.8), ¢ for the mortars

shows more scatter at different loading levels. &eoclay modification not only
increases the modulus, but algg an average value from 0.57 for fresh mortar to

0.67 for fresh one modified by the nanoclay. Althbwageing also increases the
modulus, it does not result in a big changeinan average value of 0.56 for aged

mortar and 0.63 for aged one modified by the namocl
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Figure 7.3.13 Relation between the complex modolughe mortars at fatigue
testing conditions and the parameger

7.3.3 Mixture fatigue

Compared with the bitumen and mortar, the fatigelkalwiour of the mixture was
more complicated. Figure 7.3.14 shows how the spees looked like after the
test. It was observed that for most of them, a puaek along the diametrical line
had developed, which indicates that the horizopialllirect tensile played a main
role in the fatigue failure.

Figure 7.3.14 Fatigue failure outlines of all mpdispecimens
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Different crack propagation paths were also obskduing the fatigue test. For
example, when a tensile stress of 1.9 MPa was expgih specimen SM-1, the
fatigue crack even propagated through the aggred&igure 7.3.15a). However,
at a stress level of 0.5 MPa applied on specimerSSNseemed that the fatigue
crack mainly took place through the mortar (Figdt8.15b). Because of these
different crack paths, it was concluded that thaetioution of bitumen to the
mixture’s fatigue resistance was related to the leael.

There was a little bit of plastic deformation n#® loading strip, which especially
occurred at the lower load level. This deformatias due to stress concentrations
near the loading strip, a phenomenon which has Hesaribed by Erkens (2002)
(2002) through a finite element model.

4

» ggregate failure

(a) (b)
Figure 7.3.15 Fatigue failure profiles on (a) thbe@men SM-1 at a maximum
loading of 1.9 MPa and (b) the specimen SM-5 atramum loading of 0.5 MPa

Figures 7.3.16a and b give typical fatigue curviesva stress levels for standard
and modified mixtures. The vertical displacemensvealy recorded, since the
horizontal displacement was out of the sensor'geaduring the fatigue test.
Therefore, the DER can not be calculated in thetunéxtest. When the vertical
displacement was used to characterize the fatitiiee fatigue process for each
curve also consisted of three stages (specificadly Figure 7.3.16a). Heating
played a main role during stage A. After the terapsme was stabilized, the
fatigue mainly took place during stage B. There waapid degradation due to the
specimen’s complete failure during stage C. In #tigly, the number of loading
repetition for the first two stages was definedtlas fatigue life. Standard and
modified mixtures exhibited different fatigue cusvat these two stress levels.
Furthermore, more creep deformation can be obsedusthg the stage B for

standard mixture at a testing temperature of 5T*@ indicates that the modified

mixture has a higher resistance to permanent defowm
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Figure 7.3.16 Fatigue curves of both mixtures pa(stress of 0.5 MPa and (b) a
stress of 1.92 MPa

Figure 7.3.17 shows the fatigue lives for the staddand modified mixtures as a
function of the indirect tensile stress. As one oaserve, there is only a small
difference in fatigue life between the standard ammtified mixture. Compared
with bitumen and mortar, the asphalt mixture wasemieeterogeneous, and its
failure mechanism was more complicated, such derdifit propagation paths of
the fatigue crack at different loading levels. Tlesults show a limited positive
effect of the modification on the fatigue performarof the mixture.
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Figure 7.3.17 Fatigue life for standard and modih@xtures as a function of
shear stress
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7.3.4 Resilient modulus

The resilient modulus of the mixture at differeammperatures and loading times
were also determined. Figures 7.3.18a and b exp @i typical load and
deformation response for the last 5 pulse cyclemguhe resilient modulus test at
two temperatures. It was easier to find the accatadl permanent deformation at
35 °C than at 5 °C, which was due to a lower sgtnhat a higher temperature. This
indirectly explained why 5 °C was chosen for theytee test.
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Figure 7.3.18 Load and deformation response fotasie5 pulse cycles during the
resilient modulus test on the standard mixtur@pBb °C and (b) 5 °C
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Figure 7.3.19 presents the load and deformatioporese for two mixtures, the
standard and the modified, at the first pulse cyclgng the resilient modulus test
at 35 °C and 0.1 kN. Due to the viscoelastic prigeof the asphalt mixture, there
was a response lag between the load and the ddeform@he modified mixture
had a smaller lag/t, ) than that Qt,) of the standard mixture. Besides the type of

mixture, this response lag also depends on thet¢egperature and the loading
frequency. Lower temperature or higher loading dieeecy would lead to a smaller
lag. After one pulse, a small amount of permanefbmination was accumulated.
When compared to the standard mixture, the modifiedure exhibited a lower
permanent deformatiomd, ).
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Figure 7.3.19 Load and deformation response fontix¢ure at the first pulse
cycle during the resilient modulus test at 35 °@ @i kN
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Table 7.3.6 gives the resilient modulus resultstf@r specimens of the standard
and the Mt2 modified mixtures at different tempaeras and pulse width. The
resilient modulus was obtained by calculating aarage for last 5 pulse cycles
using Equation 7.2.9. An average increase of 18#%eam€modulus was observed as
a result of the modification. Based on these restlie master curve at a reference
temperature of 20 °C was established. The WLF fondisee Equation 6.2.9 in
Chapter 6) was adopted to obtain the shift faetgrand the sigmoid model (S-

model) was used for curve fitting as follows:

+ (Smax _Smin )

S odeI:Sm
[14(te )qmek 7.3.1

mi in

red

where,

Smodel = mixture stiffness, MPa,
Smin = minimum mixture stiffness, MPa
Smax = maximum mixture stffness, MPa

t. =location parameter with dimension of time, ms

t., = reduced time, equal to the pulse width dividedabyms, and

red

K, M = shape parameters.

Table 7.3.®Resilient modulus results for the standard mixamnd the modified mixture

Standard mixture
Resilient modulus [MPa]

T[Eg]p' Pu'F;SV]V'dth Pulse 1| Pulse 2| Pulse 3| Pulse 4| Pulse5| Mean| SD* | CV%'
63 6214 6196 6302 6281 6255 6255187.32 | 3.19

5 125 6283 6116 6084 6120 6171 6157109.77 | 1.8

200 6095 6380 6066 5739 6341 6125264.73 | 4.3

300 5498 5932 6089 6264 6173 5991269.69 4.5

63 4198 4617 4495 4351 4485 4429103.29 2.6

125 125 4271 4698 4268 4287 455( 4415108.62 | 2.77
200 4062 4469 4319 4330 4426 4321118.04 | 3.04
300 4145 4559 4057 4145 4048 419161.38 1.66

63 3709 4080 3436 3615 3825 3733190.95 | 5.74

20 125 3564 3920 3677 3138 3225 3505226.33 | 7.48
200 3119 3430 2990 3285 2985 3162129.51 | 4.67
300 2794 3073 2973 2849 2856 290987.73 3.29

63 1625 1787 1268 1407 1309 1479120.52 | 9.62

35 125 1103 1214 1024 1123 911 107572.88 7.6
200 1057 1163 988 930 905 10Q9 53.93 6.2

300 978 1076 888 956 880 955 41.35 4,172
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Modified mixture
Resilient modulus [MPa]

T[(;’\g]]p' Pu'ﬁfls\’]wdth Pulse 1| Pulse 2| Pulse 3| Pulse 4| Pulse 5| Mean SD CV%
63 6968 6765 6910 6871 6864 6876157.62 | 2.33
5 125 6877 6839 6733 6873 68772 6839109.57 | 1.63

200 6825 6683 7056 6791 6585 6788184.62 2.7
300 6691 6635 6968 6590 6917 6760138.7 2.03
63 5807 5917 5931 5985 5836 5895 64.99 1.1
125 125 5078 5177 5230 5262 5405 5230107.4 2.05
200 5018 5236 5199 5160 5256 517484.64 1.64
300 4550 4717 4790 4708 4806 4714132.13 | 2.77
63 4693 4621 4888 4563 4718 4697137.05| 2.89
20 125 4118 4203 4190 4064 4020 411910941 | 2.63
200 3566 3741 3613 3686 3676 365651.06 1.38
300 3355 3465 3364 3336 3209 334681.53 2.44
63 1830 1791 1820 1991 1817 1850105.71 | 5.42
35 125 1401 1494 1409 1447 1483 1447 37.54 2.59
200 1261 1179 1166 1157 1117 117647.34 4.03

300 1052 1057 1063 1007 1029 104220.88 2

Here, * is Standard deviation, and # is coeffitief variation

Figure 7.3.20 shows model-fitting master curveshef resilient modulus for both
mixtures, and Table 7.3.7 gives the parameters usBduation 7.3.9. At loading
times ranging from 0.1 ms toléns, the order of magnitude of resilient modulus
just changed from 3 to 4, which indicates thatrtheture has a good temperature
susceptibility resistance. In general, the modifiakture has a little higher
modulus than the standard mixture over the whotgeaof loading times. The
master curves overlapped a little bit at the loagding times. This could be
caused by the model-fitting, and also reflectsatplication of resilient modulus
test at high temperatures. It is necessary to thatiethis change not only depends
on the testing condition, but also on the intestalcture of mixture itself.

Table 7.3.7 Modeling parameters in the WLF model tre S-model

Modeling parameters Standard mixture Modified migtu
WLF C: 40.0 32.7

C, 262.5 263.4
S-model Shax 11689.2 10102.9

in 101.2 37.8

tc 591014343.1 2978852.5

Kk -0.13 -0.20

Me -1.40 -1.50

R 0.9721 0.9929
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Figure 7.3.20 Master curve of resilient modulua atference temperature of 20
°C

7.4 Summary and conclusions

In this chapter, fatigue tests were performed tumnibeén, mortar, and mixture. First,
the cone and plate device was used to charactdrezéatigue properties of the
bitumen with and without the modification by twogano montmorillonite
nanoclays Mtl and Mt2. The results indicated thatrianoclay modification can
change the fatigue life which was defined by thesigiated energy ratio (DER) in
the stress controlled mode. It is believed thatitierfacial interactions between
the surfactants on the nanoclay and bitumen mascplay a key role in the
improvement of the fatigue life. The surfactants tbe nanoclay Mtl contain
straight carbon chains, and the surfactants omé#reclay Mt2 own a straight
carbon chains plus a phenyl. The reason for morprawement in fatigue
properties by the Mt2 can be that the surfactaateta stronger interaction with
bitumen which consists of all kinds of hydrocarbanghe terms of straight or
branched chains, saturated rings, and aromatis.ring

Next, the standard mortar and the one modifiedneyNit2 before and after the
short time ageing were subjected to fatigue tesisigg a column specimen. The
DER method has also been adopted in this caseftoedine fatigue life. Both
ageing and modification did influence the fatigueperties of the mortar in the
stress controlled mode. Although the ageing and mhedification almost
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contributed the same to the change in rheologicgperties of standard mixture,
the latter improved its fatigue properties more.aM&hile, the modified mortar
showed a better ageing resistance than the standard

Finally, the indirect tensile fatigue test was a@dpto characterize fatigue
properties of a dense mixture with Mt clay. Onlg trertical displacement of the
specimen was only recorded to determine fatigukurai There was a small
difference in fatigue life between the standard amtified mixture. Compared
with bitumen and mortar, the asphalt mixture is entveterogeneous, and its
failure mechanism is more complicated, such asewdfit propagation paths of
fatigue crack at different loading levels. Althougfe results are positive, the
improvement in fatigue life by modifying the aspghalixture with nanoclay is not
spectacular.
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8 CONCLUSIONS AND
RECOMMENDATIONS

8.1 Introduction

In this chapter, the conclusions and recommendsatibat resulted from the
research described in this thesis are presenteabr& elaborate description can be
found in the respective chapter.

8.2 Conclusions
Main conclusions with regards to the goal of thissis are given below:

-- It is possible to use the montmorillonite (M) todify the bitumen. The
modification effect depends on the type of Mt.

-- The X-ray diffraction (XRD) results indicatedathan intercalated structure for
organo Mts was formed in the three base bitumeed umsthis study. The structure
was corresponding to the aspect ratio calculat@éoguhe composite model. A
phase separated structure of natural Mt was fonrild base bitumen. Micro-CT
images further proved that natural Mt acted likecanventional filler at
micrometer level, probably due to its hydrophiliarface causing poor
compatibility with the bitumen.

-- The results show that organo Mts improve thertstesm ageing resistance of
base bitumen. The barrier properties of Mt parsidindering the penetration of
oxygen are the main reason for this improvementamdile, the reduction of
volatilization of the oily components in the bitumdue to these barrier properties
can be another reason.

-- The Mts gave a less effective improvement inltrg term ageing when using
the PAV. Under tough testing conditions, an autacreatcumulation of organo Mt
platelets took place to reduce their surface arae accumulation weakened the
barrier properties of the Mts. Consequently, thepromement in the ageing
became less. It is nevertheless believed that wyiadifbitumen with Mts can
enhance the ageing resistance in the field bedfsphysicochemical properties
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of the Mt are very stable under field conditionsl am accumulation will happen
as occurred in the PAV.

-- It was difficult to evaluate the ageing effect the chemical change of modified
bitumens due to the interruption of the Si-O on Mieto the FTIR spectra of
bitumen. In comparison, rheological methods suckthasDSR method are more
effective to characterize the ageing propertieBlbmodified bitumens.

-- The change in the viscosity of the bitumen miedifoy the Mt was attributed to
two reasons: one was that the Mt platelets lingt flow of bitumen; another was
that part bitumen molecules were confined to the dimnensional galleries of Mt
clay. When imposing a shear stress on the bituntea Bquid state, the Mt
platelets orient themselves which results in thefoecement of shear thinning, as
well as a higher zero shear viscosity. This imphegood drainage resistance of
the asphalt mix during transportation.

-- It was observed that the organo Mt modificatiocreased the complex modulus
accompanied by a decrease in the phase angle olbie high stiffness of the clay
platelets, this modification contributed more t@ tthange of the elastic part of
bitumen’s mechanical composition than that of joss.

-- The results indicated that the nanoclay modificacan change the fatigue life
which was defined by the dissipated energy ratig@R[Pin the stress controlled
mode. The interfacial interactions between theasuaints on the nanoclay and
bitumen molecules play a key role in the improvemeh the fatigue life.
Meanwhile, the modified mortar showed a better rageiesistance than the
standard one.

-- Compared with bitumen and mortar, the asphaltune is more heterogeneous,
and its failure mechanism is more complicated. éligh the results are positive,
the improvement in fatigue life by modifying thephsalt mixture with nanoclay is

not spectacular.

8.3 Recommendations
From the experience obtained from this study, tbkowing aspects appear
important for further research:

-- Although the high-shearing mixing method is thest accessible one to prepare
bituminous materials not only in the lab, but alsothe factory, the results
indicated that this preparation method did not ltesuan exfoliated structure for
Mts in the bituminous matrix; just intercalated githse separated structures were
formed, depending on the type of Mt. To achievexioliated state of organo Mt,
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some other physical methods, such as melt intdroalaand roll milling
(introduced in Chapter 2) are recommended for &utasearch

-- Adhesion failure results in the loss of bitun@mmortar from the aggregate (i.e.
stripping). The presence of moisture is one ofrtteen reasons. The Mt platelets
can limit not only the penetration of oxygen, blgoamoisture. Therefore, it is
recommended to characterize the moisture resistainasphalt mixture. Besides,
how the Mt can influence the adhesive strength betwthe bitumen and the
aggregate is important to be investigated. The ghan the surface energy of
modified bitumen using the Wilhelmy plate method gave some indication.

-- To fundamentally understand how the Mt plateletgract with bitumen, it
should be known which components or fractions of thitumen are in the
interlayer space of the Mt when its intercalatedudtre is formed. If the
respective component or fraction of bitumen carXteacted and modified by the
Mt, more detailed information could be obtainedto® modification effect.

-- Because accumulation of the Mt platelets happam®matically when the

modified is in liquid state, the standard PAV meths not suitable to simulate
long term ageing of Mt modified bitumens. Therefdtas necessary to design a
new ageing method for this type of modified bitumbrcreasing the air/oxygen

pressure and decreasing the film thickness of @turapecimen are options.
Whatever, the test specimen made of this type toiri@n should be in the same
state as in the field.
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