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Abstract: Problem statement: The performance of bituminous sealants in thedfied partly
controlled by properties and strength of the sesdggregate interfac&he thermodynamic work of
adhesion represents energy required for reverséparation of the two materials at the interfade
study of fracture includes the energy required Hoth reversible and irreversible processes during
separation Excess of work of facture over work of adhesionrespnts the energy consumed by
irreversible processes in the specimen during tapdind fractureln addition, adhesion strength is
related to the properties of constitutive compasiesspproach: The objective of this study was to
measure or predict adhesion of hot-poured bitumsrmased sealant to aggregates of different
chemical compositionin order to accomplish, the study of fracture amel thermodynamic work of
adhesion were estimated for 14 hot-poured bitungdmased sealants with two types of aggregate:
Limestone and quartzit&he work of adhesion for each sealant-aggregatemsywas calculated from
the contact angle measurements of system comporentcorresponding sealant installation
temperatureResults: In general, limestone showed better adhesion tgphored crack sealant than
quartzite.Interfacial parameters such as contact angles anfidce tensions were successfully used to
differentiate between sealantSonclusion/Recommendation: The findings were in agreement with
preliminary testing results of 14 sealants usimgealy developed fixture in the direct-tension tegti
machine.Provided the sealant has an appropriate viscositfjiltthe crack, as the sealant surface
tension decreases, its adhesion strength increases.

Key words. Adhesion strength, contact angle, surface tensimtk sealant, hot-poured bituminous,
solid surface, Young-Dupré equation, Strategic Migjh Research Program (SHRP),
higher temperature

INTRODUCTION adhesiveA convenient method to measure the wetting of
. a solid surface is to determine the contact angle o
Adhesion is a fundamental property of a sealantfiq,iq, which is formed when a drop of liquid isapkd
aggregate’s interfacdt is a phenomenon that depends g, 5 perfectly smooth and rigid solid (Fini and Abu
directly on interatomic and molecular forces betwte Lebdeh, 2011; Guangyare al, 2010). Amin and co-

adheygnt and the. substrate (M.a_ssbrlal., 20_02; Al workers (Aminet al., 2010) investigated the wettability
Mutairi et al., 2009; Kumar and Vidivelli, 2010; Atar and ¢ several substrate surfaces and determined thiaato

Colakoglu, 2009)The adhesion strength is affected by angles on each substrate by observing the spreactag

wetting and interlockingWetting is controlled by the ot the water droplets that referred to the surfeesion
attraction forces between the two surfaces - safid  f the droplets towards the substrate surface.

l('glun'ld;r?éj QSSOLV;%QSKV tggﬁgﬁgﬁgﬁ?ﬁ? i‘gﬂsjéd of _Because_adhesio_n str_ength is controlled mainly by
sealant-aggregate (or HMA) interactioim, which the wetting and interlocking, it can be_ evaluated tigiou i
aggregate is considered a solid and the sealdquid,! ~contact angle measurement by using the Young-Dupré
adhesion strength is strongly affected by the caitipp ~ €quation.However, in order to measure the adhesion
and surface chemistry of the twoAggregate strength of the interface quantitatively, a mecbalni

characteristics show a stronger effect compared teest is neededlevertheless, conventional tests measure
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bond strength, which can be just an estimationhef t on specimen geometry and the elastic properti¢heof
adhesion strengttBond strength actually depends on @dhering materialHence, such a test can be used only
both interfacial and bulk characteristics of theemsbly ~ o _quality control applications or comparison of

Masson and Zanzatto independently measured the bori%?ggytﬁcagpeew&eﬁgl fE)I\ZI ;gg;mélnmgogz;qua&i:m

strength (_)f sealant_s in Portland cement concitey Strategic Highway Research Program (SHRP) (1994)
used a direct tensile test and brought the se®@Q- reported that the application of fracture mechanics
assemblies to tensile failureThey measured bond techniques to measure and predict binder-aggregate
strength of 200-500J That -37°C and 500-1000J fmt ~ bond strength could be promising.blister test, which
-30°C, respectivelyAlthough results showed higher iS used in polymer research, was evaluat@te
bond strength at the higher temperature, it doesn’f€S€arch concluded that the test did not reflesid fi

necessarily indicate higher adhesion strength gttehri conditions of adhesion failure and could not

ifferentiate between various aggregdtési and Abu-
temperaturelt can be argued that the sealants extendedop qah 2011 Masson and Lacasse (2000) tried to

more at higher temperatures and dissipated morgeasure adhesion using electrical resistarieey
energy, which is more of a bulk effect (Masson andmeasured the resistance-to-mass transfer along the
Lacasse, 2000In Masson and Lacasse, both portablesealant-HMA interface and the rate of the resistanc
and full scale adhesion tests were used to ashkess tchanges; but for this method to yield reliable ssthe
level of sealant adhesion to heat-treated substratef€Sistance to wetting relation must also be estaed
They used the direct tension method to measure thI the surface energy of an HMA, or aggregate drad t

) . of a sealant were known, the work of adhesion at th
bond strength of the sealant-HMA briquette assegabli interface could be calculatedlthough to predict bond

They calculated the area under the stress-straiflt@s  girength, the measurement of a number of other
the bond strengthThe full scale test was used to parameters, such as roughness and absorption, is
simulate field conditions and to validate the pblkta required, the study of adhesion as a fundamental
testing resultsTest results were indicative of sealant characteristic of the interface can be used tanedé

performance in cold temperatureBurther, several the strength of the bonth this study, to determine the
galant-aggregate adhesion, the study of adhesibs o

studies on the_ binder-aggregate adhesion have beﬁot-poured sealants onto two aggregate types was
conducted.For instance, tensile tests were performe ljetermined. The study of adhesion was calculated
on asphalt-concrete (HMA or PCC) blocks as part ofjizing the physical chemistry theory developed b
the Strategic Highway Research Program (SHRP)yan Ost al. (1988).

These qualitative tests provided an indicationcathe

material's ability to extend without experiencing MATERIALSAND METHODS

cohesive and/ or adhesive failurfEhey showed that Adhesion at the interface: Adhesion strength can be
sealants bonded to HMA blocks normally incur greate evaluated through contact angle (Fig. 1) which is
stresses than sealants bonded to P@dltcheff and defined geometrically as the angle formed by aidicu

Aurilio (1997) tried to measure the bonding stréngt  the three phase boundary where a liquid, gas aldi so
asphalt binder applied to a flat surface, using ntersect.Contact angle formed between the droplet of

. : . . he liquid and the solid surface is well definecuq
Pneumatic adhesion tester , while Kanitpong andaBah whicr? can be used to calculate the study of glcljtgesio

(2005) proposed a modified pull-off test, which g®  through the Young-Dupré equatiofs can be seen in
tensile force on the binder/ aggregate assembly t@ig. 1, low values of indicate that the liquid spreads
measure adhesion characteristics of selected asphand wets the surface easily, while higher valuesash
binder to various mineral surfaces poor wetting. After a liquid wets the surface of solid

In general, two key requirements must be me#@and fills the tiny pores, it solidifies and devedoghat
when using a mechanical test to study the adhesioi§ called interlocking. This interlocking is strdpg
between two dissimilar material§he first is to use a affected by the liquid’s viscosity at iakation.
mechanical test that yields a system parameterhwiic Low viscosity sealant can penetrate and follow the
independent of the material's geomeffe second is surface irregularities better than high viscosilant
to achieve failure at the interface between the twand, hence, results in a better interlocking (Pand
materials so that conclusions can be drawn abouPefex, 2002).
adhesion rather than cohesidfor example:In the Two very common, yet different, approaches exist
direct tension test, a system parameter is notilead to measure contact angles between different liqars
extractable from test results because the resajierti  non-porous solids: goniometry and densitometry.
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Where:
Liquid 7] yi = The liquid surface tension (mJ7) and
¥4 Ysl v = Denotes the Lifshitz-van der Waals and
L NG B B R y*® = The acid-base component

Solid Solid . . .
o o Van Oss and his co-workers, incorporating the

surface energy of both solid and liquid phases;riteed
in polar and non polar components, presented the fu
f version of the Young-Dupré equation as follows:

Fig. 1: Contact angle of a liquid onto a solid

The goniometry method is basically the analysisao
drop of test liquid on a solid substralde components 1 1 1
of a goniometer are a light source, sample stages | W, =(1+coBY, = ¢V £+ ¢y, P+ ¢y, 1 (5)
and image captureContact angle can be measured

directly by examining the angle formed between the 1

solid and the tangent to the drop surface (FigT@)use Y =y-" + 2[(y)(y)]? (6)

the Young-Dupré equation, measurement of the sairfac

tension of the liquidy,, surface free-energy of the Where: o

solid, ys and the solid-liquid interfacial free-energpy,, s = The Lifshitz van der Waals or non-polar
are requiredknowing y; andys (discussed later in this component;

study), the third component can be calculated tiinou y; = The acid or electron accepting component; and

the Young's equation: y: =The base or donating electron donating

component.
Yo =Ys—Y,CO8B 1) P

Whileyy” ,y: and y; are the components of the
surface free energy of the sol¢l! , y" and y, are those

of the liquid andd is the contact angle.
Using the aforementioned equation, one can predict

Where:
vs = The solid-liquid interfacial free-energy (mj
Vs = The surface free-energy of the substrate (f) m

— ; P 2
\él B -_Il:?]e surface tensllon of the liquid (mJn the study of adhesion between two materials ifrthei
= The contact angl€)( surface energy components are knowhe condition

Work of Adhesion is defined as the study required®f components at the time of wetting is also very
to separate the liquid and solid phagasically, when important. For example: When asphalt binder is
two dissimilar materials form an interface by being 2apPplied to hot aggregate, it binds stronger thaerwh
intimate contact, a tensile force can be appliedpiit ~ @Pplied to cold aggregateWhen aggregate with
the materials into dissimilar part§or a completely absorbed water film is heated, water vapor escapes
brittle interface of unit cross-sectional area, ¢mergy ~ @nd it loses its outermost absorbed water molecules
expended (or work of adhesion) can be obtainedgusintience, its interfacial tension-to-asphalt-binder
the Young-Dupré equation decreases and results in de_velpplng a stronger bond

between the two. The stripping in HMA is caused by
W, =y +Y, -V ) the presence of free-energy.
Experimental program: The sealant wetting is largely
controlled by its viscosity. While a low viscosity
sealant greatly facilitates wetting, a high vistpsi
sealant facilitates adhesion once wetting has been

. secured A sealant with low viscosity is much more
In order to use the above equation, one needs fg

th ¢ tensi f the liawid K . readily removed from an aggregate surface thargh hi
me:tsuri etsur ace tension o de fl(Wh ’ InOW::f viscosity sealant; this is particularly true if tharface
at surtace tension 1S comprised of-a polar ant- No 5 gmgath Another important factor that influences
polar component (Finét al., 2008), the surface tension

f 2 sinale oh liauid in thi be et wetting is the surface tension of the sealdntthis
gs?olsllc?v%: phase (liquid in this case) may be g study, sealant viscosity and contact angle, seaadt

aggregate surface tension and surface energy
— W, AB components were calculated to determine the sealant
v =y (4) aggregate adhesion.
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Table 1: Viscosity measurements using brookfielécometer at  The briquette assembly consists of two half-cylinde

pouring temperature and stirring speed of 69 rpm' aggregates of 25mm diameter and 12mm lengtie
PBr;dUCt 1gzmperature (€) 1\7/'55°°s”y (Pa-5) assembly has a half cylinder mold, open at the uppe
DD 103 491 part. Prior to pouring the sealant, the assembhe&ted
MM 170 1.66 to facilitate sealant flow and to ensure a uniform
NN 185 6.10 bonding areaThe aspect ratio (width to depth) of the
\F;'?/ 114%3 03§%° sealant is maintained 1 (Fig. 2). pre-deboned area
WW 188 258 was applied in form of a notch at the upper edgthef
AD 188 0.35 interface and placed at one side of the assemitftgr
AE 188 1.64 1h of curing, the specimen was trimmed and kejptién
o 1% 253 DTT cooling bath for 30min before testing. Becaose
Q0 103 511 the pre-deboning area, resembling an initial cramk,
YY 177 6.96 energy is dissipated in the crack initiatién.addition,
zz 193 4.16 the failure path is definedlhis approach resulted in
AB 1 6.01 consistent results compared to those of unnotched

specimens (Fig. 2).
RESULTS

The energy components of the probe liquids
(Table 2) results in three equations and three owkis,
which represent the energy components of the sealan
Ve s Yeomant Yaeaan- HENCE, USING Eq. 6, surface tension

of the sealantyss. ., can be calculated.

The surface tension values for the 14 tested
sealants are presented in Tabléi8wever, to calculate
Fig. 2: lllustration of the newly-developed adhestest  the study of adhesion, the contact angle between th

fixture sealant and the aggregate is neededmall pin was

) ] used to manually apply a droplet of sealant he&ted
The viscosity of 14 hot-poured crack sealants wasnstallation temperature to the aggregdiee aggregate
determined at the manufacturers’ recommendedyface was cleaned with acetone and distilled wate
installation temperaturesSuperPave’s recommended gnd then dried in ovefThe contact angle between each
of crack sealants, which have high polymer contentsihe same method as described before and presented i
The modified procedure has been reported elsewherggple 4. Using Eq. 3, work of adhesion, JWwas
(Al-Qadi et al., 2007). The viscosity results are cajculated for each paihe 14 sealants were tested

was used to determine the surface tension of the hotesting results are presented in Table 5.

poured crack sealant® thin layer of each sealant,
heated to installation temperature, was preparetl a
allowed to cool to room temperaturéhen a five-
micrometer pipit was used to manually apply a dzopl
of three probe liquids - water, form amide and ghpt
-on the sealant and the images of the drops we
captured by microscope within 15s of applicati®he
wetting values of the surface were reported eitier
contact angle or by the cosine of the contact aagté
plugged into Eq. 5.

"Fracture energy measurement: Using the fracture
energy testing approach, the aforementioned 14ustsal
were tested with quartzite, (Table 6Jests were
rconducted at the lowest possible application
Femperature (-4 to -34°C), depending on sealang typ
and at a cross-head speed of 0.5 mni‘sddnder
these testing conditions, the sealant behavesriggda
element and the area under the stress-strain @anve
be regarded as an estimation of the energy to reptu
or fracture energyFracture energy is related to the
Fracture energy measurement: A preliminary testing study of adhesion.It has been experimentally
fixture was developed to assess sealant-aggregatshserved that fracture energy increased exponsntial
adhesion utilizing the Direct Tension Tester (DTT) with the study of adhesion.
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Table 2: Surface energy characteristics of prajgids at 20°C, J Table 6: fracture energy and surface tensiondortéen sealants with

Probe liquid Vi vy vy quartzite
Surface Fracture

Water 72.8 2138 255 255 Tension Viscosity T of energy
Glycerol_ 64 34 392 574 (mJ m?) (Pa.s) test (°C) am
Formamide 58 39 228 39.6 EE 19.02 179 10 313
Table 3: Surface tension and viscosity of sealantswater ZIZM ?258‘51) ]égz _31‘(1) ?é?é
Sealant  y/" A A Vootal Viscosity (Pa.s) W 35.15 0.99 -34 4.85
EE 010 488 1872 1922 179 o0 e o = a5
zZ 10.03 517 0.39 12.89 6.96 ' ' '

AE 53.53 1.64 -34 8.01
YY 2.89 10.03 2.40 12.70 1.75

QQ 15.83 5.11 -4 9.15
uu 2.39 6.32 4.75 13.35 2.53 WW 18.54 258 34 1233
A% 32.45 218 0.84 35.15 0.99 pp 17' 29 3 00 34 22’ a4
AE 43.99 5.21 4.36 53.53 1.64 ) ' )

YY 12.70 1.75 -10 25.01
DD 18.28 438 0.29 20.52 4.21 NN 12.06 6.10 34 25 59
AD 34.49 5.68 1.84 40.96 0.35 UU 13'35 2'53 -10 45'44
WwW 9.03 18.80 1.20 18.54 2.58 BB 22'25 1'75 34 228.99
MM 45.15 12.01 4.93 60.54 1.66 . . .
PP 13.98 440 0.60 17.22 3.00
QQ 0.01 5.39 11.60 15.83 5.11 160
NN 6.63 19.99 0.37 12.06 6.10 a0 4 Blimestons WQuartzite
BB 9.97 40.01 0.94 22.25 1.75 N

Water 9.97 0.94 40.01 728 Very low

Table 4: Contact angle between different liquidd anbstrates

Liquid/Substrate Limestone Quartzite Sandstone

EE 136 137 135

7z 106 139 86

YY 127 173 63 ]

uu 84 105 94 C L, Ll LT

%Y 136 145 91 =NL>2<B<2g5 =T=zz =3¢

AE 143 132 134 ==

DD 126 153 141 Sealant -

AD 82 150 75

ww 71 76 81 . _ .

MM 0 133 118 Fig. 3: Work of adhesion of different aggregatelaea
PP 112 128 102 assemblies

QQ 141 167 176

NN 108 133 120 , ,

BB 70 61 63 Interfacial parameters. Interfacial parameters such as
Water 30 65 - contact angles and surface tensions were sucdgssful
Glycerol 87 74 41 . X

Formamide 7 69 - used to differentiate between sealaftse hot-poured

bituminous-based sealant adhesion to aggregataeppe
Table 5: Interfacial surface tension and work diesion of different to be a function of Viscosity and surface tensibhe
aggregate/sealant combinations . . .
sealantThe lower the surface tension and viscosity, the

Limestone uartzite . .

_________________________ Q greater the adhesion strengtim general, limestone
Liquid/substrate v W, Ve W, showed better adhesion to hot-poured crack sealant
EE 27.30 5.39 71.94 516 (Fig. 3).In spite of the high variability in the sealant
% zlz-ég 59-1223 %fg g-é; composition and sealant polymer content, surface
U 12.00 1482 6141 98 €Nergy measurements appear to adequately diffatenti
wW 38.90 9.72 86.68 636  Dbetween sealants.
AE 56.03 10.97 93.70 17.71 Using a newly developed fixture in the direct
DD 25.63 8.36 76.22 2.18  tension-testing machine, limited adhesion testihd4
AD rr 46.66 93.36 549 sealants supports the aforementioned findifggure 4
ww 7.33 24.68 53.40 23.03 ) )
MM 13.12 60.89 98.91 1951 Shows the estimated fracture energy vs. surfacgaen
PP 19.92 10.77 68.56 6.54 of those sealants whose viscosity value is lowanth
QQ 25.78 3.53 73.29 043  3Pa.s and were tested at -34°8tatistical analysis
NN 17.13 8.40 66.16 3.79 h l lationshio bet faced
BB 5.98 29.74 47.10 3303 Shows a nonlinear relationship between surfaceidens
Water 4936 135.63 26.73 10395 and fracture energy (Fig. 4)t appears that lower
Glycerol 9.75 67.72 39.88 82.00 surface tension leads to higher fracture energprcée
Formamide -44.05 115.53 37.10 78.79 increases wet ability and adhesion strength.
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140 1 In the case of liquid it is called surfatension
120 1 (Bari et al., 2010; Kammuang-Luet al., 2010); while
for solid, surface free energy is a more commoneam
. Surface tension is considered an important paranete
807 §=1419.55-1.0724 elucidate sealant-HMA adhesiofihe surface tension
60 R’=0.7038 of a liquid is related to the attraction forcesvieen the
molecules that make up the liquidivhen liquid is
poured on a substrate surface, it spreads-dhts
indicates that the surface tension holding theidiqu
0 ‘ ‘ ‘ ‘ - molecules together has been overcontgeveral
o 1020 350 40 50 6 70 80 90 methods are available to measure a liquid’'s surface
Surface tension (mJm™) tension.Methods to measure a solid’s surface tension,
however, are less commoiithe surface tension is a
Fig. 4: Fracture energy vs. surface tension fotasem function of the substrate surface energy and the
with viscosity below 3Pa.s at -34°C subs_trate_ surface energy is a function of the ®rce
holding its molecules together. Also, the lower the
surface tension and viscosity, the greater the sidhe
strength.Statistical analysis of the present study shows
a nonlinear relationship between surface tensioth an
fracture energy (Fig. 4)t appears that lower surface
tension leads to higher fracture energy; henceeases
wet ability and adhesion strength.

Fracture energy (J m 2y

A nonlinear regression for sealants having a \&#g¢o
lower than 3Pa.s was performéthe R was found to
be 0.705; this value represents the portion ofatimm

in fracture energy that can be explained by théasar
tension of the crack sealant.

DISCUSSION CONCLUSION

In this study, sealant viscosity and contact angle  The study of fracture and the thermodynamic
sealant and aggregate surface tension and surfacgye vv_ork _of adhesion were determm_ed for 14 hot-poured
components were calculated to determine the sealarRituminous-based sealants with two types of
aggregate adhesion. The concept of fracture inrialte 2dgregate: limestone and quartziféhe study of
was divided into two general classifications: (jet @adhesion was determined from the contact angle
separation of a material from itself (cohesive tinges); ~Measurements  of the sealant at installation
and (i) the separation of a material from a digisim te_mperatur(_eFracture energy was estimated _from the
material at the interface surface between the twdlirect tension test. The following observations and
materials (adhesive fracturéjo evaluate the adhesion conclusions can be drawn from these results:
strength between bituminous (hot-poured) sealants a
Hot-Mix Asphalts (HMAs) or aggregates, several e ;
of the seala?nt-agg(regate)bondg?nusgt be considér&i a_nd surf_ace tensions were successfully used to
include molecular characteristics at the sealabstsate differentiate between sealants _
interface, microscopic  surface  topography and ¢ The adhesion strength is affected by wetting

« Interfacial parameters such as contact angles

crystallization, macroscopic joint strength andctuae and interlocking

energy.Among the important parameters that control the * The lower surface tension leads to higher
adhesive strength at the interface are the sutéarstons fracture energy; hence, increases wet ability
of the materials coming together and the associated and adhesion strength. Thus, the lower the
energy of adhesion (Yusilawai al., 2010), which can surface tension and viscosity, the greater the
be more simply defined as the study required te tak adhesion strength

apart an interfacerhus, fracture energy is related to the + It was observed that fracture energy increased
study of adhesiont has been experimentally observed exponentially with the study of adhesion

that fracture energy increased exponentially wiia t «  Limestone showed better adhesion to hot-

study of adhesion.

Molecules inside a liquid/ solid are affected by
equal attraction forces, whereas the moleculeshat t ACKNOWL EDGEMENT
surface do not have any neighbors on the side tbwar
the air. Therefore, they have greater attraction forces  This research is sponsored by the Federal Highway
toward the liquid/solid than toward the air. Thisdls to  Administration Pool-fund TPF5 (045) and the US-
existence of unbalanced energy, or excess freggner Canadian Crack Sealant Consortiufle contribution
which is a fundamental property of any liquid otido  of the participating states, industry and provinigs
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