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The research work described in the paper focusddtmyue and healing properties of bituminous

mastics reinforced with nano-sized additives.

Commercially available multiwall carbon nanotub€d{'s) and montmorillonite nanoclay (NC)
were combined with a single base bitumen and alatdmineral filler to produce bituminous
mastics. These blends were prepared in the labrgrayomaking use of a technique consisting in

simple shear mixing followed by sonication.

Fatigue behaviour of mastics under repeated loadagjinvestigated by means of time sweeps
performed in the strain-controlled mode at variamplitudes. Healing potential was assessed by
adopting a testing protocol specifically conceitedliscriminate between recovery of damage
induced by fatigue loading and other artefact phegrwa which may affect material response. All
rheological measurements were carried out withreathic shear rheometer in the parallel plates

geometry.

Outcomes of the experimental investigation weranfbto be highly dependent on the nature of
additive type, as a result of the key role playgdnteraction mechanisms that nano-particles can
establish within the bituminous mastic.

Keywords: Fatigue, healing, rheology, bituminous mastics, carbon nanotubes,

nanoclay.

1 Introduction

1.1 Fatigue cracking and self-healing of bituminous materials

Fatigue cracking is one of the primary modes diifaithat takes place in flexible
pavements under the application of traffic loadaniage usually starts from
invisible microcracks which occur either within thieuminous binder or at the
binder-aggregate interface. Due to coalescencerpagation mechanisms,
fatigue damage accumulates until visible macro@agpear in the form of
alligator cracking (Al Qadi et al. 2008).



It is widely recognised that the fatigue resistaocbituminous mixtures
employed in the construction of flexible pavemaststrongly influenced by
rheological properties of the binder phase (Soateh. 2003; Boussad et al
1996). In particular, mixture performance is clgssntrolled by the binder-filler
mastic as a consequence of the aptitude of thetfpation of the aggregate
skeleton to alter the rheological behaviour of Haisemen (Faheem and Bahia
2010; Pérez Jiménez et al. 2008).

Researchers have conducted extensive laboratoegtigations on the fatigue
response of bituminous binders and mastics wittptltpose of predicting
performance of the corresponding mixtures in te&lfiThe most common
equipment adopted for this purpose is the dynaheaisrheometer (DSR) in the
parallel plates configuration. This device is cdpaif mimicking shear stresses
and strains that arise as a result of traffic lngdvithin the thin film of bitumen
comprised between aggregate particles (Andersah £094). Other laboratory
apparatuses, operating in both shear and uniaxmiguirations, have also been
used in a relative limited number of studies. Irtipalar, an annular shear
rheometer was used in the ENTPE/DGCB laboratooyder to perform fatigue
tests on larger scale specimens in homogeneougtiomsd Delaporte et al. 2008;
Buannic et al. 2012). By contrast, tension-compoestests were performed
adopting the conventional cylindrical configuratian original arrangements
deriving from either hemi-spherical devices or “Doéo”-shaped specimens
(Botella et al. 2012; Airey et al. 2004; Chailleetxal. 2009).

With regard to the use of the DSR, much effort beesn made in developing test
protocols capable of highlighting the fatigue pndigs of bituminous materials.
Nevertheless, a test method accepted by the eaiearch community is yet to be
found. Reliability of the current SUPERPAVE appriodElarrigan et al. 1994)
has been widely disputed, since it relies on linesgoelastic properties of
materials (Bahia et al. 1999; 2001). A number tdraktive methods have been
proposed to replace the SUPERPAVE protocol, amdmighathose based on
either linear amplitude sweep tests or time swesfs thave encountered
widespread acceptance (Bahia et al. 2001, 201 ®)fifdt test method combines
rheological information gathered from frequency spsewith oscillatory load
cycles at linearly increasing amplitudes, whichssaaccelerated fatigue damage

in the sample. The second test method consistgpdfiag repeated cycles of



oscillatory stress or strain loading at a seleftegluency and load amplitude. The
main advantage in performing linear amplitude sweasphe short duration of
testing. Conversely, time sweeps are time-consumtaingyatory tests, but provide
a better simulation of actual loading conditiongakihoccur in practice.

When time sweep tests are performed to assesatthed behaviour of
bituminous materials, many concerns still existutlibe definition of a fatigue
life indicator. A classical fatigue indicator isfoleed as the number of cycles
corresponding to 50% reduction of initial stiffne$kis criterion, however, is
considered arbitrary and is not able to describartternal state of bituminous
materials (Perraton et al. 2015).

In order to overcome these limitations, advancementatigue research have
moved toward more fundamental approaches capalolgpddiring the actual
evolution of damage accumulation. This is the cddatigue life parameters
based on the dissipated energy concept, that thartkeir straightforwardness
are attracting widespread interest in the pavingroonity (Boudabbous et al.
2013).

Ghuzlan and Carpenter (2000) and Shen et al. (20@ppsed a method which
takes into account the Ratio of Dissipated Energgr@e (RDEC). It has been
shown that the plateau value (PV) that the RDECtian reaches after few
loadings of a time sweep can be correlated to aipalaility of bituminous
materials to withstand fatigue damage.

Another criterion was proposed by Pronk and Hop(@&80) and Pronk (1995),
which refers to the Dissipated Energy Ratio (DERiis approach enables the
detection of the different stages of the damagnoggss. Among the several
parameters that can be extrapolated from the arsaf/the DER function, the
transition point from crack initiation to crack pagation is frequently used in
both strain- and stress-controlled tests to desdhib fatigue properties of binders
and mastics.

Kim et al. (1997) used the Dissispated PseudorSkaergy (DPSE) to
quantitatively characterise damage growth in bitous materials. This approach
relies on the elastic-viscoelastic correspondemiceiple, which provides a way
to eliminate the viscoelastic contribution from thesteresis loops caused by

cyclic loading.



Regardless of the equipment used and of the apgps®Eected to analyse
experimental data, when laboratory fatigue tessngsed to predict pavement
fatigue life, a lab-to-field shift factor needshkie applied since a gap between
laboratory and field performance is always recordsttle et al. 2001). One of
the elements that contribute to this discrepantlyagresence of rest periods
between traffic loads, which allow the self-healimagure of bitumen to have a
significant effect on performance. In fact, whetubiinous materials are left idle
for a sufficient period of time, they are able tot@lly or completely reverse the
crack-based damage that occurs within the bindasebr between binder and
aggregates. The magnitude of this built-in abiktgtrongly related to
thermodynamic conditions at which the process takase and also to the
physicochemical nature of the materials involveittl@d et al. 1993). Hence, in
order to reliably assess the performance of bitomsmmixtures in the field,
healing properties should be thoroughly analysadspecifically devised test
procedures.

By focusing on protocols developed to study thdihgaroperties of bituminous
binders and mastics by means of a DSR, two magrpgy of methods can be
distinguished (Qiu et al. 2011): fracture-based fatigue-based. The first type of
tests deals with the healing of a single and weliretd fracture zone, such as that
simulated by the contact of two separated piecesatérial attached to the upper
and bottom plates of a DSR (Bommavaram et al 2@D8)the other hand,
fatigue-based tests are conceived to enable ddfosecks to heal by interrupting
loading in a fatigue test performed according ®ttme sweep protocol. Tests
can be interrupted by single or multiple rest pasi¢Santagata et al. 2009; 2012a;
2013Db; Stimilli et al 2012; Shen et al. 2010; Lwakt2003). In order to quantify
the ability of the material to heal, recovery ofahanical properties during rest
periods or overall extension of fatigue life aregelly assessed (Qiu 2012).
Concerning the assessment of healing potential fundamental to identify and
quantify the extent of recovery exclusively relateadrack-based damage.
Besides crack healing, that deals with initial flamd wetting of crack faces and
successive diffusion and randomisation of molecuie¢ke fracture zone (Little et
al.1993; Little and Bhasin 2007), other phenomearaaffect the material
response during laboratory testing. A key roleléy@d by thixotropy, that derives
from completely reversible microstructural breakaocand build-up that take



place in the bulk material in response to impogezsses or strains. During
unloading phases, the thixotropic nature of bitumamifests itself as a
progressive steric hardening, which reflects theetheeded to reach specific
equilibrium states due to local spatial rearrangasméBarnes 1997). Apart from
thixotropy, thermal effects, non-linearity and athetefact phenomena can also
be of non-negligible magnitude during healing téSisitani and Anderson 2005;
Di Benedetto et al. 2011).

In this regard, Shan et al. (2010) developed a otktrhich combines stepped-
flow tests and oscillatory experiments to interpagigue and healing properties
of binders taking into account the influence okdtropy. Canestrari et al. (2015)
modelled the number of recovered cycles needeglatthra specific level of
damage in time sweeps interrupted by multiple pesibds, thus discerning
between a variable and a constant contributionessgely ascribable to self-
healing and thixotropy. Santagata et al. (2013b¢ss=d the true self-healing
capabilities of bituminous binders by comparingtihee-dependent kinetics of
mechanical properties during rest periods introdwafeer specific levels of

damage, with those recorded during a fictitiouslaorage condition.

1.2 Nano-modified bituminous materials

With the purpose of improving the performance itdiminous materials, the
effects of using several modifiers of the bitumiaginase have been extensively
explored (Yildirim 2007). Besides elastomeric atasfpmeric polymers, nano-
particles have recently attracted the intereshefscientific community
(Gopalakrishnan et al. 2011). A selective modifmaiof materials at the nano-
scale represents an ambitious goal that may opegl soenarios in the design of
paving materials.

Among the nano-sized modifiers that have been densd in literature, carbon-
based materials and layered silicates currentlsesgmt the most promising
products (Yang and Tighe 2013).

With regard to carbon-based materials, remarkaiper@nmental works have
focused on the effects of carbon nano-particlesR§Nnano-fibres (CNFs), and
nanotubes (CNTSs).

Amirkanian et al. (2011a; 2011b) and Xiao et ab1(P) studied bituminous
binders containing CNPs derived from the manufaaguof CNTs. They showed
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that relatively high dosages (>1%) are neededderaio enhance the rheological
properties of both unaged and short-term aged ksnde

Khattak et al. (2012; 2013a; 2013b) investigatedritiechanical characteristics of
CNF-modified bituminous materials, obtained bydaling a dry and a wet
mixing process. They proved that when CNFs arelgwdstributed throughout
the binder phase they exhibit good adhesion cheniatits and high connectivity,
thus influencing the resistance to permanent dedtiom and cracking.
Santagata et al. (2012b; 2013a) showed that acwuffiy high dosage of CNTs
(>0.5%) dispersed via simple shear mixing can geweneficial effects on high
temperature properties of bituminous binders. Haxefurther experimental
outcomes indicated that an ultrasound treatmenildhze integrated into standard
mixing protocols in order to fully exploit the paotel of these nano-sized
products against permanent deformation (Santagaia2015d). Sonication was
also found to be beneficial to prevent crack-relatstresses (Santagata et al.
2015a, 2015b) and high-temperature segregationgohema (Santagata et al.
2015c). Ziari et al. (2012) explored the effectigss of different mechanical
techniques adopted to disperse CNTSs in bituminaudelps. By making use of a
scanning electronic microscope they observedahigtultrasounds had the
ability to homogeneously disperse non-agglomerateth-particles. Faramarzi et
al. (2015) compared the morphological charactegsif bitumen mixed with
CNTs via simple mechanical mixing with those ob¢gily means of a wet
process. It was found that, even if less practedbption of the wet process
technique led to a better homogeneity of compasdéerials. Shirakawa et al.
(2012) analysed CNT-bitumen composites obtaineddiyg bituminous
emulsions as solvents to disperse nano-particlesy $howed that nonionic and
anionic emulsions allowed an easier dispersionNT £than cationic emulsions,
which required further chemical treatments.

With regard to layered silicates, several studiesi$ed on the effects of using
nanoclay as a third component in polymer-modifigdrbens. Polacco et al.
(2008) prepared tertiary blends by adding nanoated/polymer to neat binder,
either separately or in the form of a preliminargster batch. Results of
materials’ characterization indicated that rheatagproperties of the final
composites were significantly affected by the mixprocedureGalooyak et al.

(2010) analysed phase segregation phenomena ohpoiynodified binders



containing nanoclay. It was shown that clay lay#ay a compatibilising role that
allows polymer dispersion to be maintained in tohneing high-temperature
storage. Jasso et al. (2013) carried out a labgradsearch focused on binders
modified with polymer and nanoclay via conventioplaysical mixing. The
outcomes of the study suggested that nanoclay ipadiive influence on the
rheological properties of the blends at in-serv@aperature conditions.

Liu et al. (2009) and Zhang et al. (2011; 2013)lerqul the ageing resistance of
both polymer-modified and neat bitumens contaimagoclays. Polymerization
and oxidation phenomena were found to be hindeyatidbarrier properties of
silicate layers. Such barrier properties were foaillsod to be effective against heat
and smoke release (Bonati et al. 2013; Zhang @04af3). Jahromi and Khodaii
(2009) demonstrated that nanoclay modificationeramance stiffness and
elasticity, thus providing a beneficial effect agdirutting. Santagata et al.
highlighted the key role played by a proper chatadditive type, dosage, and
mixing technique in the high temperature perforngapicbinders containing
nanoclays (Santagata et al. 2013a; 2015c, 201ad¢. Zhahabadi et al. (2010)
showed that, beside improvements against ruttiagpclay can also reduce low-
temperature cracking, as proved by results gathevetdcreep tests performed at
low temperatures. During a laboratory investigapenformed on nano-modified
bitumens and mortars, Liu et al (2009) observettti@fatigue response of
blends was strongly influenced by the chemicalcstme of nanoclay. Both
fatigue and healing properties of bituminous bisdaodified with NCs were
analysed by Santagata et al. (2015a), which fobatthe effectiveness of layered
nano-particles was significantly influenced by therphological configuration

assumed by additives within bituminous media.

1.3 Research objectives

On the basis of the promising preliminary resuighlghted in literature and
given the scarcity of research studies, the praserk focuses on the fatigue and
healing properties of bituminous mastics reinforegith nano-sized additives.
Carbon nanotubes (CNTs) and a nanoclay (NC) warioeed with a single base
bitumen and a standard mineral filler to produdarhinous mastics. All
rheological measurements were carried out with R &he parallel plates
geometry. Fatigue behaviour of blends under repgdataling was investigated by
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means of time sweep tests, while healing potenigal evaluated by interrupting
fatigue tests by means of multiple rest periodsreduer, the effects of a
fictitious rest period applied in no-damage comais were taken into account in
order to discriminate between recovery of damadaded by fatigue loading and

other artefact phenomena which may affect mategsgdonse during testing.

2 Materials

2.1 Base materials

2.1.1 Bitumen

As a residue of crude oil distillation, bitumeraisomplex mixture of high boiling
hydrocarbons which vary widely in polarity and nmli&ar weight. Due to the
extraordinary array of chemicals that coexist withisingle material, information
on the exact nature of the different species ichieaable. Hence, in order to
describe chemical composition of bitumen, molecalesgenerally grouped into
different chemical fractions, according to theresand solubility features. Such
an approach allows bitumen to be envisioned asraralh assemblage of polar
structures dispersed in a less polar to non-pdlas@, thus relating elastic and
viscous properties of bitumen to interaction mecsras which occur at both
molecular and intermolecular levels (Robertson 12@sueur 2009) .

With regard to the present research, a single biaseen supplied by an Italian
refinery was used. This binder was subjected tbrpireary chemical and
viscoelastic characterisation. Chemical analysis pexformed by means of the
combined use of thin layer chromatography and flamesation detection, which
allowed the relative amounts of saturates, aromatésins, and asphaltenes to be
determined (Figure 1). On the other hand, rheoldgieasurements were carried
out according to AASHTO M 320-10, thus yielding tiader’s performance
grade (Table 1).



AROMATICS
65.3%

AV

RESINS ASPHALTENES
16.0% 15.8%

SATURATES
3.0% )

Figure 1Chemical analysis of base bitumen (elegtpotential differencaV versus time)

Time

Ageing
- PG parameter Measured value
condition
n T=135°C n=0.347 Pa-s
Original .
|G*|/sirs = 1 kPa T=63.3°C
RTFO |G*|/sis = 2.2 kPa T=63.8°C
|G*|-sirb = 5000 kPa T=22.0°C
PAV m =0.300 T=-14.3°C
S =300 MPa T=-16.2°C
Performance Grade PG58-22

RTFO: Rolling Thin Film Oven (short-term ageingAW. Pressure Ageing Vessel (long-term ageing);

n: dynamic viscosity (Brookfield viscometer); T: tésmperature; |G*| antl norm and phase angle of
the complex modulus (Dynamic Shear Rheometer); dnSarcreep rate and creep stiffness (Bending
Beam Rheometer).

Table 1 Rheological characterisation of base bitume

2.1.2 Nano-sized additives

Carbon nanotubes (CNTs) were discovered by lijimad91, as cathode deposite
in electrical arc experiments. They can be depiatedylinders of rolled-up
graphene sheets composed of a hexagonal netwsgk-bf/bridised carbon

atoms. These one-dimensional cylinders usually laaleast one end capped with
a half shape fullerene molecule. Depending on ynéhesis process, CNTs can be
found in either single-wall or multi-wall configurans. While a single-wall CNT
consists of a one-atom thick tubular structure,trwll CNTs are made of two

or more layers of graphene coaxially arranged at@uoentral hollow core
(Dresselhaus et al. 2001).

In the present experimental investigation comméycevailable CNTs were
employed. These were produced via chemical vapeposition technique in thin
multi-wall structures, thus ensuring a satisfactspect ratio (>150) with
relatively low production costs.

Nanoclays are natural or synthetic silicate plasaieat have the potential to
detach from their original crystallographic configtion, thus exhibiting one

dimension in the nanometric scale. The most comnamoclays are obtained



from 2:1 phyllosilicates, which are characterisgdalzentral octahedral sheet
fused to two external tetrahedra. Since phyllogigs in their pristine state are
typically hydrophilic, clays can be organically nifoetl to make them
hydrophobic. Specific surfactants can be chemicalighored to the surfaces of
clay layers thus providing the twofold advantagexjpanding clay galleries and
improving wetting with organic matrices (PavlidoudaPapaspyrides 2008; Le
Baron et al. 1999).

The NC used in this research work was originatethfa natural montmorillonite
by treating clay platelets with an ammonium-baseathstant coating. The
guaternary ammonium salt used as surfactant wapased of two methyl groups
and two alkyl chains bonded to a hydrophilic pesity-charged nitrogen.

Main characteristics of CNTs and NC, based on rzeturers’ technical

specifications, are reported in Table 2 and 3,eetyely.

Average diameter Average length Surface area Carbon purity Density
[nm] [pm] [m?g] (%) [g/en?)]
9.5 15 250-300 90 1.72

Table 2. Main properties of carbon nanotubes

Basal Cation Exchange .
. . . Density
Surfactant Anion spacing Capacity (CEC) -
c
[nm] [meqg/100g] ¢
Dimethyl,
dihydrogenatedtallow,
Chloride 3.15 125 1.66

quaternary

ammonium

Table 3. Main properties of nanoclay

2.1.3 Filler

The term mineral filler is typically referred toetfinest aggregate fraction, most
of which passes the n. 200 sieve (ird). Filler plays a complex role in
bituminous mixtures: on the one hand, it providesnart interlocking action by
filling voids between coarser aggregates and irstngacontact points in the lithic
skeleton (Prowell et al. 2005); on the other hatnaiGtively interacts with the
bituminous phase by means of both chemical andigdiysrocesses (Curtis et al
1993).

Since the importance of including the filler fractiin bituminous mixtures has
been widely demonstrated, numerous mineral masenale been already

explored, including limestone dust, Portland cemeoitanic ash, silt, powdered
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shale, mineral sludges, hydrated lime, rock floiefomaceous earth, and fly ash
(Lee 1964).

The filler used in this research study was a calabarbonate supplied by an
Italian limestone quarry, entirely passing the 30 2ieve (63im). Main

properties of the product are presented in Table 4.

Blaine specific ) . . » Methylene blue
Bulk density Rigden voids Water solubility
surface area [/cn] %) %) value
C 0 (V]
font/g] ’ [MB]
6500+7300 2.69 10 10 10

Table 4 Main properties of filler

2.2 Preparation of mastics

Numerous efforts have been directed towards aaigavano-composites capable
of exploiting the full potential of particles atetlmano-level. Since peculiarities of
nano-composites are governed by surface contrigitione major drawback
associated with nano-modification is the difficultyattain an adequate dispersion
and homogenisation of nano-units in the matrix (Rad Robeson 2008; Ma et
al. 2010). For the purpose of maximising interatdibetween additive and
bituminous medium, a blending technique based aitation and simple shear
mixing was adopted in the present research.

Three bituminous mastics were prepared in the &boy, a neat mastic, marked
in the experimental study as B, and two nano-reagt mastics containing CNTs
and NC, marked as BT and BC, respectively.

The neat binder was modified by means of nano-a@gifprior to be mixed with
the mineral filler. Modification was performed byllbwing a protocol derived
from an optimisation process carried out by theh&ut in previous studies which
focused on issues related to both additive dosaderaxing technique (Santagata
et al. 2012b; 2013a; 2015b; 2015c; 2015d).

At first bitumen was pre-heated at 150°C; oncentiteng temperature was
reached, nano-additives were added and manuahygéteto the base bitumen in
percentages (by weight of base bitumen) equal&@@or CNTs and 3% for NC.
Blends were then mixed with a mechanical stiogerating at a speed of 1,550
rpm for a total time of 90 minutes. At the endlustphase, they were subjected to
60 minutes of sonication by using the ultrasonimbgeniser UP200S from
Hielscher GmbH (200 W and 24 kHz). During this stagycylindrical titanium
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sonotrode with a diameter of 7 mm was immersetfierbinder, thus allowing the
transmission of a continuous ultrasonic wave witlamplitude of 157.5m.
Mastics were finally prepared by manually mixing 1® minutes bitumen and
filler at the same temperature adopted for bindedification. A filler/bitumen
ratio of 1.3 was selected for both neat and naimdereed mastics.

Since the addition of ageing treatments appearéeé tpossible source of
variability, materials were all tested in theirginal state.

3 Methods

3.1 Equipment and sample preparation

The instrument used for binder testing was a Phy8ICR 301 DSR from Anton
Paar Inc., an air bearing stress-controlled desgrepped with a permanent
magnet synchronous drive (minimum torque =NIn, torque resolution = 0.001
uNm) and an optical incremental encoder for the messent of angular rotation
(resolution < Iurad). An 8-mm parallel plate sensor system was ustda 2-

mm gap between the plates.

Pre-moulded specimens were used for testing. Mastire preliminary heated at
150°C, thus allowing the material to be poured mwlicon rubber mould. After
casting, the mastic was left to cool at room terapge for 15 minutes. The
specimen was then placed on the lower plate ofi¢vece and sandwiched by
lowering the upper plate. When a gap of 2.1 mmreashed, excess binder was
trimmed away by using a hot spatula. The plategwen brought to a gap of

2 mm, thus giving rise to a lateral bulge in thenpke. With the aim of preventing
the occurrence of adhesion rupture during testimgpond between binder and
steel plates was improved by preheating samplg8°a for three minutes. On the
other hand, temperature gradients throughout teeisgn volume were avoided
by conditioning samples at the test temperatur@@ominutes before the onset of
measurements. During the conditioning phase, sstoain amplitude was applied
in order to monitor the change in mechanical progeand thus ensure that

steady temperature conditions were always obtained.
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3.2 Fatigue tests

The aptitude of bituminous mastics to withstandeegpd oscillatory shear loading
was investigated by means of time sweep tests.eliesss were performed in the
strain-controlled mode at a temperature of 25°Catralfrequency of 10 Hz.

The strain-controlled mode was chosen since itmmses the occurrence of
undesired temperature effects that may arise wittersample during fatigue tests
as a consequence of the change in energy dissig&aalin et al. 2004; Ashayer
Soltani 1998).

Selection of temperature and frequency conditioas lased on considerations
related to the initial stiffness of mastics whiel to negligible machine
compliance effects, and allowed rupture to be red@s a consequence of the
progression of difftused microdamage instead olanrierential cracking (Hintz
and Bahia 2013).

Time sweep tests were performed at several straplides set at 0.65%, 1%,
1.5%, and 2%, all belonging to the non-linear vedastic domain of the mastics
calculated according to AASHTO T315 (2010).

At least two replicates were performed for each Ese only exception was
made for tests carried out at the lower strain #&og#, that were performed in

single run as a consequence of their exceptiohaily durations (about 30 hours).

3.3 Healing tests

Self-healing capability of bituminous mastics wasessed by carrying out time
sweep tests interrupted by multiple rest periods.

In order to properly evaluate the effect of resiqus, temperature and frequency
conditions were selected equal to those used figuiatesting. On the other hand,
a single value of shear strain amplitude of 2% a@died during loading phases.
This choice had the twofold advantage of limitiegting duration and making
extensive damage available for the developmerteself-healing process.

Time sweeps were repeatedly interrupted once therrabreached specific levels
of damage. These corresponded to reductions onitied dissipated energy

(Awp) of 5%, 10%, 30% and 50%Vith the purpose of analysing the effects of
load interruption not related to the recovery @als, a no-damage condition was
also considered during testing. Hence, prior tdfitisé interruption, a negligible
damage was induced in the sample by means of fasrig cycles. The
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application of few loading cycles between the theraonditioning phase and the
first rest period provided a way of reproducindialiconditions similar to those
occurring in rest periods imposed after an actadiing phase.

A duration of 45 minutes was set for all rest pgsioDuring rests, the same low
strain amplitude applied in the thermal conditignphasey=0.01%) was used to

monitor the evolution in time of mechanical propest

4 Results and discussion

4.1 Fatigue tests

An example of fatigue test results is displaye#igure 2, where curves were
obtained by plotting norm and phase angle valugseotomplex modulus as a
function of loading cycles. After a preliminary abtioning phase that allowed
temperature stabilisation to be detected, the ahangiechanical properties due
to oscillatory loading can be observed. This seqamakse of loading was taken

into account for the following data analysis.

Conditioning phase ¢ Loading phase Conditioning phase * Loading phase
2.E+07 90
80
i
T }
a, — ‘
—1.E+07 2. 70
2=}
- ‘ S ———————
|
|
\ 60
\
0.E+00 ' 50
0.E+00 1.E+05 2.E+05 3.E+05 0.E+00 1.E+05 2.E+05 3.E+05
N cycles [-] N cycles [-]

Figure 2 Complex modulus norm {|jzand phase angl8)(values versus loading cycles (two

replicates of mastic BT at1%)
In order to thoroughly explore the progression arindge accumulation within

mastics, raw data were processed to determineitgsgpB@ted Energy Ratio
(DER) (Pronk and Hopman 1990; Pronk 1995). Thisupeter was computed
according to the formula presented in Eq. 1, wherand w are dissipated
energy at cycle i and n, respectively.

2 wi Eq. 1
Wn

DER =
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The dissipated energy per cycle per unit volume cadsulated as follows (Eq.2):

W, =TT -y - Siné; Eq. 2

wherer, yi, andé§i are shear stress amplitude, shear strain amplicudephase

angle at cycle i, respectively.
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«
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0.E+00 N
0.E+00 P 3.E+05
N cycles [-]

Figure 3 DER versus loading cycles (mastic Bg=i%), and definition of |\

A typical plot of the DER function versus numbeladdings is presented in
Figure 3. As can be seen from the graph, at thenbig of the loading phase the
DER function follows the viscoelastic damping asyot@, represented by the
bisector of the chart. During this stage, dissigpaeergy remains constant with
the number of loadings since the material dissgateergy only due to
viscoelastic damping and no damage occurs. Whemiation in energy
dissipation is recorded, the DER curve deviatesftioe viscoelastic damping
asymptote, thus highlighting that the damage pcestarting to take place
within the sample. Moreover, a significant changéhie slope of the curve reveals
a transition from crack initiation to crack prop#iga. This critical level of
damage has been associated in literature to tbesadtion point between the
viscoelastic damping asymptote and the irrecoverfiigue asymptote (Bahia et
al. 2001).

A general overview of the outcomes of fatigue tepts provided in Table 5,
which lists the number of cycles to crack propamafi\,) obtained at the

different strain amplitudes considered in the itigasion. Classic power-law
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functions derived from-N, data and their corresponding coefficients of

determination (R are also indicated in the table.

Mastic v (%) Np [-] s
code Np=ary ™
B 0.65 451,162 Np= 1.74E+Q5y 2760
1 93,748 R?=0.982
1.5 35,911
2 19,863
BT 0.65 465,441 Np=1.38E+0%5y 3086
1 175,644 R?=0.987
1.5 34,648
2 16,366
BC 0.65 600,406 Np=1.18E+0Q%5,28%
1 177,782 R?=0.993
15 47,706
2 27,729

Table 5 Fatigue results of mastics as a functioshefr strain

In addition to classic power-law functions, expezittal data were processed
according to the fatigue model developed by Mo (B@ar bituminous mortars.
This model is presented in Eq. 3, whesgis the initial dissipated energy
calculated at the first few loading cycles,represents the energy that
theoretically leads to failure within one cycleddmis a regression parameter.

_\-b
N, = (ﬂ) Eq. 3
Wo

Use of this approach allows the dependency ofdatiyes on initial dissipated
energy to be taken into account, thus combiningeftfexts of shear strain
amplitude with stiffness and elasticity peculiastiof each material. Moreover,
this model showed a better fit with experimentabdaan the classiecNp
functions, as proven by?Ralues obtained for theiaN,, fatigue lines (Table 6).

Mastic v (%) Win _ ]
code [3 /n?] No=(Win/ o) ®
B 0.65 1,241 D= (Win/1.20E+07)-41
1 3,753 R?=1.000
15 7,219
2 11,325
BT 0.65 1,804 NE(Win/4.71E+06)-57
1 4,011 R?=0.989
15 9,263
2 13,642
BC 0.65 1,864 DE(Win/1.58E+07)-%5
1 3,909 R?=0.992
15 9,083
2 15,789

Table 6 Fatigue results of mastics as a functionitél dissipated energy
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Figure 4 Fatigue life as a function of initial dissted energy

Inspection of Table 6 reveals that, as expectetialinalues of dissipated energy
increased by increasing the amplitude of oscillastrear strain during fatigue
tests. On the other hand, the higher values ofggneccorded for materials
containing CNTs and NC bring to light that an attirnge in the mechanism of
energy dissipation under repeated loadings wasewiby nano-modification.
The overall fatigue response of each mastic caridaely distinguished in

Figure 4, where theiwNp lines are presented. A remarkable increase iguati
resistance was recorded by means of NC modificaisevident from the
upward shift of the corresponding fatigue liness ltherefore inferred that the
overall system made of hard clay domains of s#idayers surrounded by more
flexible chains of both surfactant and entanglédrbinous molecules actually
provided a true reinforcement to the neat mastics €nhancement is also
confirmed by model parameters obtained for the B{Stin in comparison to
those obtained for neat mastic B. In fact, analg&iBable 6 indicates a higher
value of the energy that theoretically leads ttufaiwithin one cyclewo) and a
quite similar dependency of fatigue lives on initesipated energypj.

When the effects of CNTs are taken into considenait can be noticed that
substantial improvements were recorded in the domfiower values of initial
dissipated energy. However, beneficial effectsibabte to the presence of this
nano-additive seemed to lose effectiveness fordnighergy values. Since in the
domain of more severe damaging levels the occuerehwidely-spaced crack
fronts is expected, results appear to indicatenadd scale length of crack-

bridging contribution yielded by CNTs. The strorgpendency on initial energy
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conditions was reflected dnandwog parameters, that respectively increased and
decreased as a consequence of nano-modification.

The above discussed results on mastics are imiihethe findings of previous
investigations performed by the Authors on theegponding binders (Santagata
et al. 2015a). In fact, while NC-bitumen blendsws&d better fatigue performance
than the base bitumen in the whole spectrum ofitggaind damaging conditions
simulated in the laboratory, binders containing GMdvealed a high-sensitivity
to damage level. The general agreement of resbitsred for binders and
mastics is not a foregone conclusion; indeed,avigies an insight into structural
arrangements which occur among constituent mase&ahce mineral filler as
well as nano-particles can perturb the colloidalildgrium of bitumen, findings
seem to suggest that nano-particles and filleratestablish competitive
interactions with the bituminous media. This pretiary interpretation is
consistent with selective interactions which hagerbhighlighted in literature. It
is well known that mineral filler irreversibly ad®s highly polar molecules of
bitumen, such as asphaltenes and resins (ClopuidBahia 2013). On the
contrary, organo-modified montmorillonite was foundnteract with the

maltenic liquid phase of bitumen when clay modifia actually occurs at a
nano-scale (Merusi et al. 2012; Santagata 2013sd iA the case of CNTs the
maltenic phase of bitumen plays a key role in defjrinteraction mechanisms,
since it has been demonstrated that non-functeediproducts are able to
generate efficient supramolecular arrangements natizpolar aromatic
molecules (Chen et al. 2001).

4.2 Healing tests

Typical outputs of healing tests are presentedgare 5, where after an initial
conditioning phase, the alternation between loadmdjrest can be clearly
identified in the evolution of norm and phase anglkies of the complex

modulus.
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Figure 5 Complex modulus norm {|jzand phase anglé)(values versus loading cycles (two

replicates of mastic B)

In order to thoroughly explore the healing cap&pif mastics, recovery which
occurs during unloading phases was modelled bgwiatlg a revised version of a
procedure developed by the Authors in previousistu(Gantagata 2013b;
2015a). The change in mechanical properties camgézhd interruption was
evaluated by referring to dissipated energy (Eqvbjch allowed information
about the progression of both stiffness and elégtic be combined into a single
parameter. Hence, the differen@sv) between the energy dissipated at the
generic rest timéand that measured at the beginning of the unlggolrase was

considered in the analysis.

B XBT XBC
5.E-02

Fitting curves
4.E-02 \

3.E-02

AW [I/n?]

0 500 1000 1500 2000 2500
Time [s]

Figure 6Aw versus time during unloading phases (experimetattd and fitting curves of mastics

B, BT, and BC atwy=30%)
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The time-dependent evolution /v can be appreciated by observing Figure 6,
which provides an insight into the kinetics of reexy. After an initial abrupt
increase imw, recovery occurred at a progressively decreasitey thus tending
towards an asymptotic value. Experimental data \iieesl according to the

following expression (Eq. 4):

B

1
= B [ — Eq. 4
Aw(t) = Aw,, (1 exp(a. t)) q

wherea andp are non-linear regression parameters that desttrébghape of
curves, andiw.. represents the asymptotic value whiehtheoretically
approaches after an infinite rest time. Table {8 fis andAw.. obtained from the

regression analysis for each step of damage atwhst periods were introduced
(Awo = 0%, 5%, 10%, 30%, and 50%) .

B BT BC
Awg

(%) o B AWeo o B AWeo a B AWeo
[l [l [/m?] [l [l [/m?] [ [ [/m?

1.42E-04 4.96E-01 3.42E-02 8.09E-05 4.28E-01 HE@% 1.36E-04 3.76E-01 4.01E-02
3.21E-05 3.71E-01 4.37E-02 1.07E-04 2.88E-01 B@D 2.92E-05 2.64E-01 5.43E-02
10 1.52E-05 3.41E-01 4.90E-02 2.38E-06 2.31E-01 9B62 8.51E-06 2.40E-01 7.41E-02
30 2.44E-05 4.48E-01 8.24E-02 1.26E-05 4.10E-01 8B-@3 8.00E-06 3.25E-01 1.30E-03
50 3.49E-05 5.67E-01 1.27E-03 9.18E-06 4.13E-01 0B-G3  1.44E-05 4.21E-01 1.50E-03

Table 7 Results obtained from regression analysgsmed on rest period data

In general terms, a significant variation in regres parameters obtained for the
different materials can be found in Table 7, sugjggshat nano-sized particles
are somehow involved in physicochemical processeshaoccur during
unloading. In an attempt to enable a better undedstg of the mechanisms in
which CNTs and NC take part, kinetics and magnitidecovery were further
analysed in the following.

B ——BT ——BC

2.E+06

1.E+06
o,

5.E+05

0.E+00

0% 10% 20% 30% 40% 50%
Awg (%)
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Figure 7 §o parameter versus percent damagegj experienced by samples at the onset of rest
periods

Straightforward information about the kinetics etovery were obtained from
andp parameters by calculating the time needed tcr@8eé6 (b9) of the
asymptotic valuAw.. As shown in Figure 7, wherewalues are presented as a
function ofAwp, the neat mastic showed an overall regain of nrachh
properties that was faster than that recorded fstits containing nano-sized
additives. It is believed that this experimentatlemce can be explained, to a
large extent, by taking into account the effect tieno-modification causes on
flow properties of base materials (Liu et al. 20Afirkhanian et al. 2011b;
Santagata 20122; 2013a). In particular, the higlssosities of blends containing
nano-additives can delay the flow process whictdea crack surface approach
in a fracture zone, that represents the initigd stevard self-healing.

Additional information can be gathered by companesults obtained in no-
damage condition®(vo=0%) with those obtained after actual loading/¢=5%,
10%, 30%, and 50%). In no-damage conditions, wh&roelastic recovery due to
thixotropy is the primary phenomenon affecting thgponse of materials,
equilibrium conditions were reached in times thatevmuch lower than those
recorded for different values afvo, during which recovery was governed by the
combined effect of thixotropy and self-healing. §buggests that thixotropic
effects faded in a shorter timescale with respettdse related to crack repairing.
Furthermore, Figure 7 reveals the existence of x@manm in the time needed to
approach steady conditions, that lies in the rdoedeeen 10% and 30% a¥vo,
depending on considered material. In the domalowfdamage levels, an
increment inAwg caused recovery to be slowed down, thus highlightie
progressive increase of the role played by healiitig respect to thixotropy. On
the other hand, in the domain of high damage levdien healing of cracks
dominates over phenomena occurring in the bulk natéhe faster recovery
recorded by increasinvo suggests a rise in the overall surface of crackda
which are active in the healing process.

With regard to the magnitude of recovery descrimgpdsymptotic valuesw..,

true self-healing properties of mastics were agskby isolating the contribution
stemming from healing of cracks onw’-). As indicated in Eq. 5, the

asymptotic gain in mechanical properties estimdtathg rest periods applied in
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fictitious no-damage conditionaWo=0%) was subtracted from those obtained
after each damage level considered in the expetahesearchAwo=x%). This
made it possible to derive the theoretical maxingamm in mechanical properties
due to crack repairing\(v' ) in the specific thermodynamic conditions
investigated.

Awl, = (AWoo)Aw():x% - (AW‘X’)AWO=O% Eq °

Figure 8 displays theoretical maximum gaAwr .. as a function of damage
experienced by the material at the beginning oiluthleading phasawioss,
calculated as the difference in dissipated eneefwden the start of the rest
applied in no-damage conditions and the start®fdist period under analysis.
It can be observed that all data points inAhgss — AW’ . plot lie below the
equality line, which was represented in the clamdicate a condition of full
self-healing capability. The difference betweendhenage experienced by the
material fwioss) and the healable component obtained from regressialysis
(AW’ ) indicates that none of the tested mastics woealdlde at infinite time to
completely reverse cracks induced by repeatedngadihis result, in agreement
with findings of previous studies performed on salbituminous binders
(Santagata 2013b; 2015a), reveals the existenaeefersible component of
damage that can be progressively recovered duuifigiently long rest periods,
and a non-reversible component that cannot be ¢h@atbout external

thermodynamic stimuli.

B ——BT ——BC
2.E-01
Equality line
5, -
8
~ 1.E-01
E
0.E+00
0.E+00 1.E-01 2.E-01

AWloss [J/n’ﬁ]

Figure 8 Theoretical maximum gain in mechanicapprtiesAw’, versus degree of damage

experienced at the onset of rest per®ahss
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The healable component of crack-based damage wad to be dependent on
both loading history and type of mastic consideBydincreasing the degree of
damage experienced by the sample, the healing tedteends to decrease, as
proven by the progressively growing gap between gatnts and equality line.
On the other hand, materials containing CNTs andeXi@bited a recoverable
component of damage that was higher than that féamtthe reference neat
mastic. A possible explanation for this benefigtiect can be derived from
considerations regarding the morphology of crat&rfaces (Wang et al. 2013;
Montazeri and Chitsazedeh 2014; Lee and Won 201be rise of complex
geometries on crack surfaces, caused by nano-roatioin, can strongly impact
the dynamics of the wetting process, which is assary prerequisite to
successively restore mechanical properties vianatifflusion and randomisation.
Moreover, interfacial regions between matrix andaiparticles, that can break
during fracture, may also exhibit weak intermolacldond reformation, thus
actively participating in the wetting phase of ttealing phenomenon (Yang et al.
2015).

From the comparison between data gathered for BITB&mastics, it can be
seen that the two additives did not yield the saffext on healing performance.
While NC was more effective in improving the hegloapability of the neat
mastic when a limited extent of damage was expeei@y the sample, CNTs
provided a contribution that was still significadter severe loading conditions. It
is therefore speculated that, in contrast with whad found for nano-platelets, the
needle-shaped conformation of CNTs can promotefadi@l interactions in
widely-opened cracks, even when crack bridging raeigms are no longer

active.

5 Conclusions

On the basis of the results obtained in the presmseatarch, it can be concluded
that nano-sized additives, such as multiwall can@motubes and
montmorillonite nanoclay, have the potential to roye the performance of
bituminous materials. This was verified with regpedatigue and healing
properties of bituminous mastics, which were thgtdy investigated via testing

protocols and analysis models capable of yieldimgrpretative insights into
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phenomena which take place during the alternateawéen repeated loading and
rest periods.

It was shown that both CNTs and NC are able toomgthe lifespan of the neat
bituminous mastic by means of several interdepenuechanisms that can affect
either fatigue cracking resistance or self-heatiagability. However, the
effectiveness of such improvements was found tsttmagly dependent on both
nano-particle peculiarities and testing conditions.

More fundamental work is needed to achieve a deapaerstanding of
interactions which occur at the nano-scale, tiathé opinion of the Authors, can
lead to a new generation of bituminous nano-con@esvith tailored

physicochemical properties.
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