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Abstract

While most published work from Europe has beemcoer ned with evalwuating binderso
resistanceo rutting based on their stiffnegdeformationresistance)work originaing in the

US has mainly been concerned with ranking binders based onetb@ierabilityin a multiple

stress form. This paper details the design afeav modified multiple stresstrain creep
recovery(MS-SCR) test The test$ designedo evaluate bindeés r ut t i nlgpsed@nsi st ance
two rutting resistance mechanisms: stiffnes® recoverabilityA preliminary investigation is

presented in thipaperfollowed by details of the design of timew modified testA 40/60

penetration gradeitumenandbitumerfiller mastis preparedvith threefiller concentrations

(35%, 50%, and 65% filler content by mass of mastic) were tested. In additiopolymer

modified bitumensKMBs) using the same base bitumen type were exatfiorevalidation.

Two parameters are introduced to characterise the short and long recoderynew testin

terms of stiffnesghe test allows the behaviour of binders at diffestress levels anldading

cyclesto be studie@nd produces a new paramdteat carguantify the degree of modification.

Finally, arelationship between nonlinearity and normal fdrcthetestwasinvestigated
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1. Introduction

The resistance @nasphalt mixture to permanent deformationt{ng)) is highly dependent on
the properties oits binder. Previously empirical tests (i.epenetration and softening point
wereused tcevaluateheresistance of theinderto rutting. More recently, thigvaluatiorhas
shifted from empirical tomore fundamentatheological test using the dynamic shear
rheometer (DSRp attaindetailedcharacterisatioandspecific permanent deformatioasults
Nowadays, dferentrheologicaltesting protocolsind parameter@re being developed to meet

the demand focorrectbitumen rutting evaluatiomethods

The failure of the firstheologicalSuperpavepermanent deformatioavaluation parameter
(G*/sinY), particularly with regard topolymer modified bitumes (PMBs), increased the
awarenessf the needor a more appropriate testingrocedure and parametdihe G*/sin )
parametewas foundo beunable tadistinguishbetweersuccessful modifiers and those which
dondt aidtdrmsvolirutting resistancé detailed reviewof problems associated with
G*/siny can befoundin (Delgadillo et al., 2006 summarised as follows:

1 The applied loading during the test is fulversiblewvhich does not simulate the actual

loading in thereal pavementrealloading reachea maximum andhenreturns tathe

zerolevel).

1 The Superpave Parameterdalculatedfrom thetotal dissipated energy during the
loadingcycle The del ayed el astic component
contribute to rutting (recoverable).

91 The number of loading cycl@s the tests notsufficientto reach steady state behaviour
and thugo accuratelycharacteris¢he bitumen resistance to rutting

1 The methodology of taking into account high volume of traffic and low spged
shifiting the grade of the bitumen &higher pavement temperature is irrational. This
is becausenodified bindesdsensitivityto temperature and loading is differentthat
of apure(unmodified)bitumen.

Bahia et al. (2001 who addresse these issug proposed the repeated creep recovery (RCR)
test. The test is performed in tB&Rby applying300 Pa shear stress of 100 cycles comprising

Commented [TN1: L R2y Qi dzy RSNAGI YR
something reaches a maximuand then returns to zero that is the
same as fully reversible to me

Commented [ME2R1]:  Reversible means that during the test
force is applied in the DSR in the clockwise direction to a point
then also applies a force in the reversible direction (anticlockwis
In red pavementsthe loading is applied to a point but then the
material is allowed to recover by itself without a force (fofoee

during recovery).

1 s loading and 9 s unloading. The number of cycles was designated to reach the steady state

condition and 300 Pa shear stress was selected to maintain thbelethe linearesponse
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region However, the RCR ignsatisfactory as the 300 Ra@pliedstress in the RCR test is
below the estimated stresses realpavementDelgadillo et al., 2006aln addition, linders
experience strafestimate to be0 to 500 times the overall mixture stras suggested by
(Drakos et al., 2001 However,determining tle strain/stresthatthe binder is subjected to in
the mixture is ot easy. An alternative approach woblelto apply different stress lese$o

thatthebinder behaviour can be captui@eera wide range

Recentadvancement ahe creeprecovery tesintroduced the multiple stress creep recovery
(MSCR) test. The test comprises 10 sequential cycles of 1 s loading and 9 s unloading repeated
at 11 stress levels imascendingrder. It iswidely recognised as a more accurate indicator to
rank binder (pug or modified)in terms of ruttingis simple and easy to perform, and well
correlated to asphalt mixturatting performancgD'Angelo et al., 2007Zoorobet al., 2012

D6 An g e |;Wasage 6t 4lQ 20)ITemperature, which has a significant impacasphalt
mixturerutting resistanceliaoet al.,2013), isselectedn the MSCR test based on the binder

type.Bindersin the MSCR tesare evaluated and ranked based on their recoverability.

In Europe, attention Isafocussedon a parametetermed Zero-SheayViscosity (ZSV) to

evaluate rutting resiahce of binder¢Giuliani et al., 2006Morea et al., 201;,0vlachovicova

etal.,200.The ZSV in principle is a measure of the deformation r
material.The concept of ZSV emerged based on the assumption that only linear viscoelastic

behaviour occurs under wheel loading in rational pavement design. Ab this e atd g 6 s t

conditionbitumen deforms slowly without any change in the struatitfethe colloidal system

maintaining an equilibrium state. The corresponding viscosity at this stage (ZSV) is

independent fothe shear rate and is an intrinsic property of a bitmlevaluate deformation

resistance.

Varioustesting methodbhave been used to determine Z$&hgingfrom creep, creepecovery
to oscillation and viscometrfDesmazes et al., 2000e Visscher and Vanelstraete, 2004
Giuliani et al., 2005 In addition ZSV canbeextrapolatd through mathematical modd€Riro

et al., 2009Le Hir et al., 2003Anderson et al., 2002.iao and Chen, 20)1Different test
methods(different loading and recovery times, stress levels and tempejahaee been

suggested to fit different binder types



For instanceMorea et al(2010 performed 1 and 4 hr creep loading on pure and modified
bitumen respectively to calculate the Z8)thin the last 15 minutes. When the steady state
conditionwas not reachethe loading was continued farfurther4 hrsand whetherthe seady
statewas reachear not the ZSV waghen calculated Giuliani et al., (200pfound thatfor
binder with high rubber content (4%), the steady statéd not be reached using the 4stand

15 minutegestingprotocol.Usingafrequency sweep tesgiuliani et al., (200Btestedbinders
overa frequency range of 1 to 10 Hz. On the other h&i et al., (2009 used decades of
frequencie$0.017 0.10], [0.1- 1],[1, 10] to examine warm asphalt binders.

It is difficult to find a general agreemteon the best testing method conditionto measure
ZSV as different binderwith different stiffness require different testing conditioBeanging
the testtondition(temperature, stress level, loading time) is therefore required to fit different
types of bindemwith different stiffness. Thiss understandable ashen the binder is stiff

enough, the zero level of steady state is either not reacheguiesimpractical waiting times.

The literature presented above reveals that binders are ranked against rutting either by their
recoverability (MSCR) or stiffnessMSCR can rank binders only based on their recoverability
while some binders (as will be detailed latenyéa high stiffness and low recoverabilion

the other hand, there is no general agreememttesting methodhatcan suit all binder types

whenmeasuing their stiffnesor ZSV.

The objective of the paper is to design a hMutiple StressStrain Creep Recove(iS-SCR)

test able todistinguish betweethetwo rutting resistance mechanisms; stiffen{dgformation
resistancegnd recoveability which can fit all binder typesBinder heré refers to either pure
bitumen, matic (bitumen + filler), or PMBTraditional 40/60 pen bitumen and mastirsing

the same base bitumerith limestone at three different concentrations (35%, 50%, and 65%
filler content by mass of mastic) were tested. In additiaso, PMBs using the same base

bitumen type were examined to validate the effectiveness of the test.

Initially, a preliminary irvestigation wasindertakerto characterise the recovery property of
thedifferent bindersThen,the standard MSCR test was runtbadifferentbinders. After that
the development ofhe MS-SCR is discussedfollowed by the experimental results and
discusion. Finally, theoutcomef the paper are summarised in the last section.
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2. Experimental programme

2.1 Materials

A typical 40/60pen bitumen é B @ith 40 dmm penetration and 538G softening point
according to BS EN 20089:2007 and BS EN 20088:2007 respectively) widelysedin UK

road constructiomndsupplied by Nynas Bitumen was employed as the base bitumen for this
study. Limestonefiller (passing sieve Nd230) wasblended with the 40/60 bitnen at three

filler concentrations: 35%, 50%, and 65% by mass of madtisignatedhere advi35, M50,

and M65 respectivelyThe 35% and 65% mastics correspond to the lower and upper limits
respectively of filler content in a 10 mm DBM (BS EN 49B2005)with 50%beng usedas

a midpoint representing practical mixtures. In addition, two polymer modifiers, elastomer SBS
and plastomer EVA, were mixed with theame base bitumen(designated P1 and P2

respectivelyat 5% contenby total PMB mass.

To ensureaccurate measurements, a very precise procedure was followed to prepare
representative mastic samples. Initially, bitumen and filler were heated %t 4660 105C
respectively before the correct amount of filler was added in small portions to the heated
bitumen. Continuous and gentle manual stirring was applied during mixing to achieve
homogenous state and avoid lump formation. Similarly, polymer was added in small amounts
to the heated bitumen with continuous blending through a mechanical shear rhixédrotT
mastic and PMBs were then distributed into 10 mm vials, left to cool and then stdf€dat 5
further testing. From visible inspection, incompatibility was observed with P1 (SBS polymer).
Nevertheless, preparation wesntinuedto examine thebility of the MS-SCR to recognise

how welltheblending with polymer has taken place in a PMB.

2.2 Test equipment and sample preparation
A calibratedKinexus DSR type from Malve@® with a torque limit up to 0.2 N.rand fitted
with a rapid environmental controlle”Q to 200C) was employedsshown in Figure 1. In

comparison to the old generatidSR the machine software offers high flexibility to

customise a required test with precise resolution iin torque resolution and 0.08 ( Commented [TN3]:  You mean nanoNewton??

temperature accuracy). In addition, temperature is controlled by air to avoid any possible ¢ .Sommened ME4R3]:  Yes




bonding between sample and plade® to the use of liquid temperature control system. 25

mm diameter parallel plates with 1 mm ggometry vereused forall testing

Fig. 1Kinexus DSR type

Accurate sample preparation is a central requiremeatcfarrateheological measurements as

results are sensitive to sample geometry.

to attain maximum repeatability and consistegfiyey and Hunter, 2003 Initially, vials were
heated for 15 minutes at 1%DforthePMBsand 160C for thepure bitumen and mastiegile

the plates were kept at ®Dto accomplish sufficient adhesion. After raising the upper plate
fromthe zero-gapsetting,a sufficientamount of the lider was pourednto the centre of the
lower plate. The gapvas closed taeacha height of1.05 mm after whichthe sample was
carefuly trimmed around the circumferende remove surplugaterial Finally, the gap was
lowered to 100mm and the active hood was closedthe Kinexus to allow 15 minutes thermal

equilibrium time after reaching the target testing temperature.

2.3  Preliminary tests

To characterise the recovery property of the binders, singkepoeeovery tests were
performed. The test was implemented on neat bitumemastics at 1 and 10 kPa shear stress
at both 30 and 3C. Foreach test, aonstant loadvas applied teeach gargetstrainand the

the load was removedMeasurements of strain were continuousgcorced during the
unloading phasantil anapproximately constant strain lel@b more recoveryvas reached
The test was repeated for each binder with diffelesding times to reachdifferent strain
levelg to observe the relationship between tbading strain and theecoveredstrain at

differentstress leved temperaturgand filler conters.

Secondlythestandard MSCR test was perforna@0, 40, and 5T on bitumen and mastics
At each stress level 10 cycles of 1 s loading and 9 s unloadiregmplemented. The average
unrecovered strain divided by the associated shear stress yields the donrrecoverable
creep compliance, the evaluation parameténéMSCRtest The J.parameteis an indicator

of theresistance of an asphalt binder to permanent deformation under repeated creep.

The
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2.4

Design ofMS-SCR

The lterature reviewaboverevealedthatthe MSCRtest isthe most recent advancement in

terms of arutting evaluation tesfor bindes. Of the previous tests, lietterrepresents field

conditiors, is easy and quick to perform, and with theappliedstress levelallows binder

stress sensitivityo be assesse@ased orvariousobsenations related to the MSTtest, the

following modifications to the test were applied as dethih thesubsequenpoints

Observations d MSCR test

1

1

1

1

The strain reached at each cycle wvaries dependi ng on
Consequently, different binders attain different strains at the same cycle and stress
level.Preliminary investigation will reveal thttterecovered strain is dependent on the
loading strain at each stress leudénce, different loading strains resultdifferent
recoveries.

The strain varies in repeated cycles within one stress level. Although 10 cycles are
performed, it requires around 50 cycles before a stable strainisakschedBahia et

al., 2001 Golalipour, 201}

The 9 second recovery period is not satisfactory to fully seléhe stored delayed
elastic strain, potentially affecting the following loadings and recoveries cumulatively.
The MSCR ranksinders based on tlieecoverability However, there is an inevitable
requirement to recognize the other rutting resistance mechathisstiffening effect
(deformation resistance) especially when the recoverability isfathe deformabn

resistance is high as in mastics.

Modifications associated withMS-SCR test

1

1

Each stress is accompaniegla targeted strain limit to bepeatedlyreachedat each
cycle allowing the creep time to vary as necessaonsequently, different bindessil
deform equallyn terms of stress and strdint will vary their loading times depending
on their stiffness. Different timings refledifferenttraffic conditions.

A targeted fixedstrain at each stress levedpeated at each cycle eliminatbe
requirement ohaving ahigher number of cycle repetitisto reach a stable strain value

for all cycles



1 A 5 minutes recovery time is allowed at thehidycle of each stress level which
mitigatesany delayed elastic effect between stresses and offersgacison between
short and long recovery behaviours.

1 Two factors are introduced to distinguish between the stiffening effect and

recoverabilityrutting resistance mechanisms

The idea of targeting fixed strainto berepeatedlyreachedht each cycle foeachstress level
is to establish a unified condition of testismthat results are comparablée applied stresses
and9 sunloading time used in the standard MSCRumedin the MSSCR.Thecorresponding
strainsin the MS-SCR, presented in Table dre derived based onitially finding the strain
level that can be reached and not exceeded for all binder tygleteatingtemperaturewithin

1 sof loading This was carried out othe neat bitumen (the softest binder) afG@t 25 Pa
and 25.6 kPandthe strainwas foundo be0.58% and 350% respectivelAs pure bitumen at
50°C produced these straifer 1 s loadingtheother siffer binders (mastic and PMB) will not
exceed these straimsthin 1 s loadingat any testing temperatu@g0°C.

Secamdly, a linear relationship was produced between the stresses and the strains. More
specifically, a ratio of 1.89 between consecutive strains was seleetgpraximatelyproduce

a linear relationstp of applied stresstrain figure 2). This will be used toexamineany
deviation from linearitycaused byhe natureof the bindefinherent nonlinearity)A schematic
diagram presenting the MSCR test is shown in Figue

Table 1Applied stresses and their associated strains

Stress (Pa)| 25 50 100 200 400 800 1600 3200 6400 12800 25600
Strain (%) | 0.60 1.13 2.20 4.09 7.75 14.69 27.86 52.83 100.15 189.88 350.00

Fig. 2Applied stressstrain plotin MS-SCR test

Fig. 3 Schematic diagram of MSCR testifot toscale)

3. Results and discussion

3.1  Preliminary Investigation



Single creep recovery tests weyerformed to observthe relationship between recovered
strain and total straitaking into consideration theffect of temperature arstress levelFigure

4 combinestypical responseat different loadingand unloading timefr masticM50 ata
stress ofl kPa and 3. The trend showa viscoelastic behaviour in which the strain is
partially recovered after loading remov&imilar trends were observedr the other tested
binders Figures 5 and 6summarise the final recovered stragrsustotal (applied)strain at 1
kPa and 10 kPa respectively.

Fig. 4 Creep recovery results of M50 @1 kPa arfi€30
Fig. 5 Recovered strain behaviour of different binders @1 kPa

Fig. 6 Recovered stralmehaviour of different binders @10 kPa

Similar totheprevious findings ofOssa et al., 2005regardless ahe stress, temperature and
filler content thetotal strainat relatively low strain level@pproximately less than%).has a
linear relationship with the recoverstlain After this at higher strainghe recovered strain
becomes constaoponreachiny a total strain levelt can be observed thdtd total strairevel
after which the recovered strain becomes constamfusction of the stress level and filler
content and insignificantly influenced by temperature. As the stress level is incred&md an
filler content is reduced the total straifter which the recoverestrainbecomes constarises

to ahighervalue.

32 MSCR results

Typical results of MSCR at 8Q arepresented in Fig. As can be observed from Fig.as the
filler contentis increasedh the binderthedeformation (strainin the bindedecreasedue to
the increased stiffnessf the mastic However, the inserted ploh Fig.7 also shows that
although Bhaslargerdeformation(strain), it hasigherrecovery tharthe othelbinders

Fig. 7. Typical result of MSCR test at%8D

It wasalsonoted by(Mturi et al., 2012 that the strairfor a constant applied stress increases

aftereach successiueadingcycle. Thestrain (noraccumulatedat the end of each cycleas
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therdore investigated. Figureshowsthecoefficientof variation (CoV)of these straingteach
stress level at 30, 40, and®®0whichconfirms the finding of variability imttainedstrainsfor
thedifferentcycles.

Fig. 8. CoVof strainsversus stress level in MSCR test

As theresultingstrain is not constant for successive cycles at each stresinl¢heMSCR
test and considering theesultsfrom the previousingle creep recovery teshe recovered
strain will not be the sanfer different binderdested using th1SCR procedureMturi et al.,
(2012 alsoshowedthatfor certainPMBs there is arincreasén their unrecovered strain with
increasing number of cyclaghile for othersthere is alecreasaevhen testing these binders in
the MSCR testTherefore, the averaging approactipfnay not hold ag does not reflect the

changen strainwith cycle repetitioror stress increase

3.3 MS-SCR Results

The MS-SCR test was performed at 30, 40 andG6n theneatbitumen two PMBs and
masticsof three filler contents (35%, 50%, and 6%% mas}. Representativeesuls for the
MS-SCR test at 4 areshown in Figuré® which showsaccumulated straiagainstime. The
results illustratethat therearevariatiors in the loading times as well as discrep&sin the
accumulated strains dependirgspectivelyon the stiffness antecoverabilityof the binder
type In addition,for each binder typehe variation and disepancyapply betweendifferent

cyclesat one stress level.

Fig. 9 Typical results of MSCR @40C

A closercomparison of strain versus time fiyrcle 1 (C1) and cycle 9 (C9) at°@is illustrated
in Figure10. Dotted lines at 25 Pa are plotted against the lediig while full linesof 1600
Pa follow the secondary -#xis. All binder types follow the sampatternof loading and

unloadingand reach the same strain level at the same testing stress

Fig. 10Loading and recovery of different cycles @a0
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It can be observed thédr the same cycle and stress/strain lewbé amount ofloading time

and recovery level vary between binder tydependingon their stiffness and recoverability

respectivelyFor example, at 160Ba M65requiresmore time than P2 andBr C1 and @,

while P2shows more recovery than Bb and B Also & one stress level, each bindgpe has

different loading times andifferentrecoveies betweendifferentcyclestue t o t he binder 6s
loading/unloading historyFor instance, C9 d¥165 at 1600 Paequires a longdoadingtime

thanthat required foC1.

The MSSCRtestaddresseboth deformation resistane@drecoverabilityfor differentcycles
andstressévels Further investigation of creep loading and recovéngiferent binderswith

theMS-SCR test are discussed in fodowing sections

Average short antbng recoveries:

The peliminary testingresultsrevealed that the recovergaintainsa constant vak after
reaching a strain limit. It is interesting to-observe the recoveiyehaviour in the MSSCR
test Figure 11 shows the recovered strain against the total st&milar tothe preliminary
results different bindersshow different recoeries and increasing the stresslin values
increaseghe recovered straimhe same &#nd can be observed the standardSCR test
however, the total accumulatsttain in the MSCR isot equal for all binders as the MS
SCR test.

It can be seen from Figl1that while P2 extensively shows high recoverability in comparison
to theother binders, P1 has low recoverability (even lower than B) due ppirmerbitumen
incompatibility as previously noteddloreover, the short recovered strain of P2 at each stress
level continues to increase with each repeated cycle before reachings@ntovalue.
Therefore, averagmthe recovered (or uacoverefistrain does not alwaysovide an accurate
representation of the true material behavibumally, the long recovery at the last cycle of each
stress level is as expected greater than the sicoverydue to the difference in the allowed

time to recover.

Fig. 11 Recovered strain and total strain @@on MS-SCR
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Similar to Jrin MSCR, two parameters are introduced to characterise the recovaayethge
short and long recoviess Theyare defined respectively as the average recovered strain of the
first 9 cycles and the lorg timerecovered strain dhelast cycle (cycle 10) bottivided by

the corresponding stress. Mathematically expressed by:

wt ®)

Y t (4)

Where'Y is the average short recovered strain for stress fevel is the recovered strain
at cycle’@Y s the long recovered strain at stress lévelY is the recovered strain at cycle

10, andf is the shear stress that varies from 25 Pa to 25.6 kPa.

Presentatiosof the two parameters at 30 andG@reshownin Figures12and Brespectively.
Theresults demonstrate that both recovered strains folfpwoximatelythe same trend Gt
constant level before they start to redgcadually Also, thegreaterthe temperaturand/or
filler content the shorter is the constant recovery sthgag recoveries are always higher than

short recoveries due to thenger timeallowed to recover.

Fig. 12 Averagerecoveries @3C
Fig. 13Averagerecoveries @5

Cycle and stress loading behaviour

Both filler and polymer stiffened the bitumen liycreasing the requiretbading time.
However it can be observed from Figwb and 6thattherecovery propertyf the mastids
reduced by filler inclusion. Therefore, a second factor is required to distinguish between the
two mechanisms of rutting resistandée notion ofa stiffening factor was derived through the

concept of mechanical modeljjn

For viscoelastic materials those models comprise physical elements such as springs and

dashpots combined to simulate the behav{gdoldekidan, 201} In the timedomain creep

loadingthat represents increased deformation with time under constant loading is extensively
12



simulatecby meansof h e B u r g asrepresented [igrile Y. The modelncorporates
retardation time which describes the rate of strain growth over a certain time period. A lower
rate of strain growth is an indication of higher resistance. After the instantaneous elastic
deformation upon load application, the losgltime to reach a specific strain value can

represent a comparison factor of a material stiffness.

Figo4Bur ger s model amd viscoelastic behavio

In the MS-SCR testthe strain and stress levels are constants at each cycle but loading time
varies depending on the material stiffness (Figdrand can be employed tuantify the
deformation resistance. Two features associated with creep loading time are identified; the
change of creepycletime at one stress level (cycle loading time), and creep time change with

stress increase (normalised creep time).

Cycle loading behaviour

The creepcycletime is defined as the loading time required to reach the target strain at each
cycle. Figurs 15 and 16 showa comparison othe creepcycle loadingtime between thesl

cycle and the last (1) cycleat30, 40and 50C for B, P2and M65ateach stresevel. As can

be seenthere is no difference in the consumed theenveenC1 and C10or both M65 and B.

P2 on the other hand rdged more tine for C10 than C1The delayed elastic effect due to
insufficient recovery time is perceived to be the causkedifferencein P2. It carbenoticed

that while B and P2 gradually reduced their loading time with increasing stress Né&|,
slightly increased and then decreased its loading time with increasing stress levebulthis ¢
hypotheticallybedue to thehigh content of filler in M65 thatequiresa stage of filler particle

structuralorientation before reachirfgll particleparticle contact resistance.

Fig. 15 Loading time behaviour of cycle 1 and 10 R and B
Fig. 16 Loading time behaviour of cycle 1 and 10 of M65

Stress loading behaviour

13



To measure the stiffening effect of modifier (either polymer or fileith respect to stress
change the maimumnor mal i sed creep timing O6NCT® is introduced. The
bitumen maximum creep time within the 10 cycles over the pure bitumen maximum creep time
at the same stress level and temperature produces the NCT (pseudo stiffening effect parameter).
The normalization measures the stiffening introduced by modification where the thermo
rheological interaction is taken into consideration. MathematidaBygiven by
i Aoy

NCT= i Aoy 5)

Where:4 and4 are themaximumcreep times of the 10 cycles at stress levebf the

modifiedand pure bitumen respectively.

Figure T plots the comparison between N@mdstress levelor mastics As can be seen, the
stiffening increases with increasing filler content and/or reducing temperéthile. low and
intermediate filler contents demonstrate almost constant values across the stress levels at one
temperature, mastic with higiilér (65%) content displays a trend of initiaincreagng to

reach a plateau region followed by a continuous decline. The treretyiglistinct at low
temperature but less so at highéemperature with the increase and decrease of the curve

possiblybeing asign of nonlinearity.
Fig. 17 NCT versus stress of mastics with 35%, 50%, and 65% filler contents

To check tis hypothesisthe creep complianch, (strain/stress of the first cycle at each stress
level) is examined. The first cycle ifiosen to reduce thiefluence ofloadinghistorythrough
cycle repeatingFigure B compareghe differencebetween the neat bitumen (B) and highly
filler modified mastic (M65) at 4.

Fig. 18Creep compliance of first cycle change with time @#for Band M65

Thereis no observable change in thg versus time slope for B as a function of the different

stresses. On the other hand, M65 presents three stages related to theJgjomgsafs time; a

reduction of the slope between 25 to 400 Pa, ataohslope (400 to 1600 Pa), and finally an
14



increase in slope (above 1600 Pa). These three stages as a function of stress level are typical of
the relationship observed with the NCT trend. The stage at whidp giepe remains constant

is by definiti;m an indication of linear behaviour (i.e., stress independency). The early
nonlinearity can be postulated the stage during whicimterlockingparticleparticle contact
becomesestablisked The source of the second nonlinearity stage at which NCT starts to

decreasewith anincrease of slope, will be discussed in the following section.

Similar to the filler modificationP2 in Figure @ exhibits at 38C an initial increase at low
stresses before it starts to declisémilar to the behaviour seen4@ and 56C. As expected,
P1 with polymeiincompatibility showsinsignificantstiffening with a constant value aloaf
the stress level$n a smilar way tothe fillers whichrequiresome time to establish partidte
particle interlocking, P2is perceived to formits molecular networknitially in the first
nonlinearity stage. An illustration dft) changing its slope with stress increémeP2 at 36C

is presented in Figur20. Similar to M65, the slope follows three stagesraflinationchange.
The decrease of NCT at high stress levels at low temperatdesasbeckarlier is a second
nonlinearity stagavith the following section providg more investigation about the source of

this nonlinearity.

Fig. 19 NCT of PMBs change with shear stress

Fig. 20 Creep compliance of first cycle change with time @406r P2

4. Normal force (3D state of stress)

Although several studies have intensivelgdi®SRequipmento characterise the binder linear
and nonlinear viscoelastic propertifg attention to the actual source or cause of nonlinearity
is poorly investigatedSR machines control the gagpmaintain the thickness of the sample
during the testhroughan automated normal forcEhe rormalforceacts in combination with
the torque required to shear the test specimen resulting in the creation mérpendicular
applied stress which can potetially affect the material respons€he application of the

different forces (stresses) an@asurementsfdhe deformed sample asbown inFigure 21

Fig. 21 Schematic diagram dérces actingon aDSR sample
15



A full recording of the normal force during the MECR test is presented in Figl@d2 As can

be seen, the compression normal force varies bettheeddSSCR applied sheatresses and
betweencycles.It increases during the loading phase asldxesduring the recoverystage
Therefore, onlyhecreep loadinghasés affected by the normal force. Mastics with low (35%)
and intermediate (50%) filler contentgwve marginal differensein the normal force in
comparison to the pure binder (Bjowever the tigh filler content in M65 resulted in high
normal force in comparison to the pure bindefTB.study the effecbf temperature change,
Figure 23 (A&B) compars the maximum normal stress at each shear stress level at 30 and
50°C.

Fig. 22 Change of normal force with time in MSCR @46C
Fig. 23 Normal stress against shear stress in8CR test

As can beseen in Figure 23here is a constant level of marginal normal stogst a shear
stress level of approximateBs2 kPaafter which itrises considerablyn addition, the normal
stress incre@smorewhenreducing the temperatudeie to increasedilation ratelt has been
shown thathie development dhenormal stress israindication of thailation of the sample
(Motamed et al., 20)2Mastic with concentrated filler content progshighernormal stresses

at all temperatures than pure bitumen.

Deshpande and Ceba(1999 introduced the shear box analogy to study dilation or increase
in the free volume of bituminous sampl&his analogystates that as the shear creep loading
increases, particlesstablish their packing by ridingver each other which increases the
thickness in the vertical direction (dilatiorfor M65 at 408C, the normal stress starts to
increase ahestress levedf 3.2 kPa which is identical to the stress level at whicliff)slope
starts to increase after the secondary constant slope stage in Hgdrhee samdrend is
obtained at 30 and 30 for M65 as well as PZhis isevidence of normal force shifting the
behaviourof masticwith high filler content to a nonlinedyi phase. This type of nonlinearity
isreferredtmsan O0i nt er act i o nindicakesthatidnedoahe presgnde of ophere .
load componest normal force for instance, the material shear strain response changes
(Motamed et al., 2092
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Finally, P2 produesconsiderably higher normal stresses in comparison tottier binders

andits nonlinearitycan be linkedwith the trend inNCT. The entanglement of the polymer

network in PZaussthe normal forcéo beup to approximately six timédggher than that seen

for thehigh filler contentmastic

5.

Conclusions

The literature reviewcoveredthe process of developing binder rutting evaluatests and

parameters including the most recent MSCR tBstsed on theprovided observations,
modifications in the MSCR testereintroducedto developthe new MSSCR test. The MS

SCR was designedo efficiently distinguish between theéwo rutting mechanisms;

recoverabilityand stiffening. Important observations have been concluded from the results:

1

The recoverability of the binder is dependent on the stress and strain levels. At one stress

level, the reovered strain becomes constant after reaching a strain limit.

The level of strain reached the MSCR test is different between different cyclsone

stress levelandis differentbetween differenbinder typesn the same cycleConsequently,

the recoered strain aredifferent.

The new MSSCR test appliethe samestress and strain lewsht each cycle to unify the
condition of testihngThe newapptoachp rather than tradit:.i
opensa new methodto study material behaviouHowever, further study is required to

standardise theelectionof the level of the strains.

To mitigate the effect of insufficient recovery time, extended periodf 5 minutes is

introduced between different strdegelsin the MSSCR test

Long and short recovery of different binders can be stutfigtie new test as well as the

recovery level at each stress/strain level

The new test allows the binder behavitaiibe investigatedT he 6del ayed el asti
significantly influences the cydibehaviour (both loading and unloading stages) of PMBs

at low temperature. Mastics of high filler concentrations demonstrate a different mechanism

of apre-interlocking stage that affects cyclic behaviour and is temperature independent.

Examining the liearity in the MS-SCR test revealed two nonlinearity phases that are
experienced by the modified binders. At the early stages eSHIBatlow stress levels the

nonlinearity is possibly triggered by the procesegifiblishing fulparticle contact anthe
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formation of networksin highly concentrated filler mastics and PMBs respectively. The
high normal force actingerpendicular to théigh shear stresslso generated second

nonlinearityfor the material response | assi fi ed as OiBetweentheti on nonlinearityd.
two nonlinear phases the range of stressesctirtaéspond to thénear viscoelastic stage

was relatively short.

In generalthe new MSSCRtesthas been showto successfullseparatehe twopermanent
deformation resistancmechanisms andddresse someof the issuesassociated withthe
MSCR test. There are still soraspectdo be considered such as the applied steaialsand
testing temperatureSpecification criteriaare also required to beable to usethis newvly

developed tegb select good permanent deformation performing binders
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