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Abstract

Synthetic waxes produced by standard and registerecesses may be used to manufacture Warm Mix aisph
(WMA), which is a modified asphalt concrete prodiicepplied and compacted at temperatures belove ttypscally
required. This feature leads to environmental henefuch as reduced energy consumption, gas ané émissions, as
well as to economic/operational advantages, sudbvesr production costs and greater hauling distarfor extended
construction seasons with tighter schedules. Tlesqmt article serves to compare the mechanicabnpeshce of a
WMA produced by adding synthetic wax with a traafital Hot Mix Asphalt (HMA) specimen, in terms ofesin fatigue
response and both complex and stiffness moduli.eKperimental results and related modeling work atestrate that
adding synthetic wax into the WMA composition does hinder either the destructive or non-destrgcperformance

of an HMA, and this finding is corroborated by resfively measuring fatigue life and stiffness.
1. Introduction

Environmental considerations, focusing on the pregsn and protection of natural and working eamiments,
have become critical in several areas of civil eagring. In highway engineering for example, reseaand
applications with environmentally-friendly mategaand techniques have been expanding, and theogpeveht of
Warm Mix Asphalt (WMA) is to be included in this tegiory. The ability to generate asphalt mixturest tfeduce
production and application temperatures also yialdsmber of environmental benefits [1, 2], alonthwconomic and
operational advantages. Lower temperatures duspbadt production inevitably lead to reducing £8D, equivalent
and fume emissions [3], which in turn guaranteetebevorking conditions and less energy consumptiaring the
production phase. The economic and operational filgerencompass: lower production costs, less faguired for
production, greater emissions control, potentifdiyger hauling distances, and extended constructitredules with

tighter constraints [4].



WMA production proceeds according to several teghes. At present, two main groups of techniques lman
distinguished: the first uses additives in ordemntodify asphalt fluidity, while the second grouphiased on binder
foaming. The first group uses synthetic solubleaaig substances (i.e. waxes), which are able tafyntdte rheological
characteristics of asphalt binder by reducing iscasity at a fixed temperature. The wax influeneetemporary

reversible change in the physical state, as cheniaetl by melting and crystallization [5].

The second group of techniques combines preheatetbrbat 180°C with small amounts of cold water,ichh
induces a binder foaming process. In this caséhesvater comes into contact with hot bitumenuiing to steam and
thus favors a rapid expansion of bitumen in bulbfblen. This foam increases the specific surface iafnben and
reduces its viscosity, leading to a thorough cgatiaggregates while lowering the operating terafpges of asphalt

mixtures [6]. WMA produced using synthetic zeolgdo be included in this second group [7].

The synthetic waxes used to produce WMA can be faatured by means of a Fisher-Tropsch process (#igh
is based on the coal gasification of a fine crisialwhose carbon chain ranges in length frofat@ over Ggo, With a
melting point between 90° and 100°C. Synthetic gadifer from macrocrystalline bituminous paraffiwhich are
naturally included in asphalt binder, featuringaabon chain length in the,£Xo G, range and a melting point between
45° and 70°C. The longer carbon chains in the FX lvad to a higher melting point; in contrast, maller structure
reduces brittleness at low temperatures, as opptsditumen paraffin waxes [8]. Hence, syntheticxeg can be
considered as a "binder flow improver"; as suchteatperatures above 120°-130°C, these waxes tetalver the
dynamic viscosity of asphalt binder, which thenow# decreasing the mixing temperature while maiing a
complete aggregate coating. At temperatures bebeiv tnelting point, synthetic waxes form a crystalstructure in
the binder, which improves the asphalt mixturefratifs [9]. A traditional binder may be modified &gding synthetic
waxes directly in the laboratory or asphalt mixpignt, at a rate ranging from 0.8% to 3% by weigfhasphalt binder

[10].

The Universita Politecnica delle Marche (ltaly), dnoperation with the Université de Limoges (Franmed the
University of Wisconsin-Madison (USA), has beendlwed in a research project on WMA with synthetiexw

addition.

Pavements are subjected to fatigue while the seirfagers (particularly overlays) undergo cyclicdey due to
traffic (with shearing as the main source) [11-T3jis study focuses on the primary behavior of Whked in surface
layers, in comparison with HMA. The relevant resbais also part of the aforementioned project antiils an
experimental investigation of both destructive and-destructive mechanical performance, includatgyfie resistance

in a shear configuration and both complex andre#é moduli, for the purpose of drawing a WMA-HMZAchanical

2



comparison.

2. Primary goals

The present study has been undertaken to compapetformance, in terms of shear fatigue behagmmpression
complex modulus and indirect tensile stiffness ntasiuof a WMA containing synthetic wax with a tréoihal HMA.
The fatigue tests were conducted on parallelepgmahalt concrete samples at two temperatures amdrequency,
while the modulus tests were carried out on conweeat cylindrical samples at three temperatures smekral loading
frequencies. The experimental fatigue results wieea analyzed by considering two distinct failurggetia, so as to
derive additional information on possible differeacin fatigue response; the first criterion is dimpased on a
reduction in shear modulus, and the second is &anatical model based on the damage growth trexodrding to

which the inflection point on the damage vs. nuntféatigue cycles curve is assumed to be theribwint.

3. Laboratory experimental program: Materials and testing

3.1 Materials and sample preparation

Two types of asphalt concretes, WMA and HMA, wetedied by use of a typical gradation curve (seeld ab for
binder course hot-mix asphalt concrete, classiiedAC 16 bin 70/100, in accordance with the UNI EBLO8-1

Standard.

Table 1: HMA and WMA aggregate gradation

Sieve [mm] 32 16 10 4 2 0.5 0.25 0.063

% passing by weight 100 95 79 50 33 20 14 6

Limestone aggregates and two asphalt binders, avitinder content equal to 5.2% of the mix, wereptagd to
produce all of the asphalt mixture specimens teSikd HMA mixtures were prepared with a plain 7@J@&n binder;
the WMA preparation introduced a 70/100 pen bindedified by adding synthetic wax of the Sasobit®etyFT) at a
rate of 3% by mass of binder. This amount was ah@s@rder to assess the mechanical effects ofhgdifie highest
rate suggested by the manufacturer. The asphalificaitbn step was completed directly in the laliorg by adding

the wax into the hot binder (at 150°C) and theningpby means of a portable mixer for 30 minutes.

Concerning the mixing and compaction temperatutiess, HMA samples were mixed at 160°C and compacted a
150°C, while WMA samples underwent mixing at 12G06 compaction at 110°C. The samples subjectedtigué

testing measured 50 mm x 70 mm x 125 mm and wet@nsal by cutting full asphalt concrete slabs (raeag 305

3



mm x 305 mmx 60 mm) that had been compacted by a roller coropagiparatus run at a preset pressure and number
of passes. The samples undergoing stiffness cleaization were cylindricaldd = 100 mm) with heights of 150 mm for
the compression complex modulus and 60 mm fornitdct tensile stiffness modulus; they were olgdiby using a
Shear Gyratory Compactor (SGC), in accordance Wkh EN 12697-31. All HMA and WMA samples tested wer

measured at an (5 £ 0.7)% air void content to afloma reliable comparison of mechanical perfornganc

3.2 Testing program and instrumentation

The complex modulus characterization steps wereiechiout in a compression state using a Dynamicegre
Apparatus, in accordance with the NCHRP 9-29: Pp@tedure. The 150-mm high cylindrical samplesentested
by setting a sinusoidal load shape under sweepudrezy conditions ranging from 0.5 to 20 Hz. All tteesvere
performed in a load control mode and three tempezat(0°, 10° and 20°C) were applied. Lastly, tiftness modulus
test was conducted in an indirect tensile configonaby introducing a Nottingham Asphalt Tester (NAapparatus, in
accordance with UNI EN 12697-26. The 60-mm highnolical samples were tested with a rise time @blusec 2
Hz) at 0°, 10° and 20°C under a strain control moagped at 5 pm. For both test samples, a contliicstep ran for

at least 6 hours before testing, and 5 replicatee wested for each considered mix.

The fatigue test was carried out using Mechaniadting System (MTS). A new shear testing appargtdf was
designed and applied within the framework of atjo@search project sponsored by the GEMH Laboraod/France's
Eurovia Research Center located in Mérignac. ThebBoShear Test (DST) (i.e. double shear symméztigue test),
run in shear mode, has been designed to providleltack coat or bituminous concrete materiabpwaters relative
to localized damage. The test set-up, which waegnated with a closed-loop servo hydraulic feedtsytem, uses a

displacement or loading control mode.

This device is able to perform direct shear testagphalt concrete slabs with standard dimensibB8 onm x 70 mm
x 125 mm, into which four 10-mm high notches haeerbcut near the loaded central part (60-mm widithyrder to
generate and guide shear band localization (asrshiowrigs. 1 and 2). A scale effect is witnessed léoge-sized
aggregates, and a Bazant Law is assumed to balabeaibr such tests. Larger samples are complicgitedo the high
loading level; in the future therefore, it would benvenient to identify the Bazant Law for this @ev A sinusoidal
load shape at a 10-Hz frequency in a load contmdlenwas introduced and two temperatures, 10° afn@,2@ere
investigated. These loading and temperature paesisate commonly used to simulate loading condstiarpavement
base layers. In the present study, the stiffnedsdseasing due to heating and fatigue, as isake im standard fatigue
studies on asphalt materials. For each mixturegtal of six samples were tested at 10°C and fou28C. Data

measured on the evolution of shear modulus, phagke and relative displacement vs. number of cyiites were
4



collected and then analyzed.

Connected to the jack of 1
servo-hydraulic loading
system
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(load transmission system)
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Figure 1. Double Shear Test Device

Figure 2: Representation of the shear band (in red) betviexth notches



4. Data generation: Modeling of measurement data

The fatigue response of asphalt mixes may be ireerg by considering various failure criteria [1H:1In this
work, fatigue test results have been derived bymiximg two failure criteria, called here the "50%duction in
modulus" and the "flex point model". The first eribn assumes that failure during the fatigue diéeurs when the
initial stiffness has decreased by 50%. In contridst flex point model is based on a mathematicallyesis that
considers fatigue as a gradual and continuous genlof damage inside the asphalt concrete speciiftes beginning
of a fatigue test is characterized by a decreasitegof evolution in a selected fatigue parameifodved by a gradual
increase up until failure. The evolution rate isrdsed a zero value at the flex (or inflection) moiwhich can thus be

assumed as the point of failure.

This model, initially introduced by Virgiliet al. [18], has been further developed using the Ma#afiware for
application to DST fatigue results. This model @imly based on the assumption that damage growsgwehiere within
the shear band (see Fig. 2). Damage can thus loeilskss through a dimensionless scalar variable Bose value
ranges from O (undamaged material) to 1 (complai@ré). In this study, it is assumed [13] that rgtamage is
localized within a band between opposite notché® band length is denotedand remains unchanged during the
damage phase; moreover,s decreasing as macrocracks are growing at tdeoérihe test. According to such an
approach, a band model with surface damage digsipdinstead of volumetric dissipation) has beemsidered.
Consequently, a relatively uniform distributiongifear stress in the band may be assumed. The bebéthe joint is

given by (1):
T=K, 1)

wheret is the peak of mean shear stress in the banduasdhe peak of relative band displacemenl(,;o is the

undamaged complex shear stiffness. Then durindette the complex shear stiffness is decreasirthgnsame time

damage is increasing and displacement is increasimyg shear stresses stay constant.

With this approach, the effective shear modulua damaged material can be defined according taq?2)

K: =K {1~ D) (2)
where K;O is the complex shear stiffness of undamaged nedteas measured during the fatigue test in a shear
configuration.

Damage evolutionp = a7Dcan now be described by a power law, as writtdBgunation (3):

ot



D =aD* 3)
wherea andp are variable material parameters.

Starting with this equation, it is possible to dbta relationship between the damage factor D amdber of fatigue
cycles N, as represented in Equations (4) andwbgreR, is a parameter that takes non-equidistant acprisitata

into account:

D, =[1+R) D} -R. D, f 7} (4)

where:
= N =Niy .
Rk Nk—l - Nk—2 ( )

Parameterf influences the damage law through material betaxill values potentially assumed by param@tenay
be divided into four main cases, but the only intpotr case for the fatigue failure criterion is wierquals zero. In
fact, # = 0 identifies the flex point where the damageletion rate as a function of number of cycles reesrits trend

[18, 19]. This unanimously determined point hasnbegopted as the failure criterion.

The proposed model applied to the fatigue testidensthaf is a progressive function of the number of fatigyeles

N, as reported in (6):
B = Xot Xo N+ Xo [Ny (6)

wherepy is the K value of parametep, corresponding to the"kfatigue cycle g while y7, x5 andys are regression

parameters.
RegardingK_, the following well-known sigmoidal function [2GJas selected to describe shear modulus evolution

from one fatigue cycle to the next:

. ¢ !
logK, 5+1+exd¢,_y[mogf +loga, )| !

Where & the logarithm of the minimum modulus valdehe difference between logarithms of maximum amgimum
modulus values, ang andy are shape parameters. The correlation betweetodlgefrequencies and shift factor is

described in (8):

log f,, —log f =loga, (8



wheref is the measured load frequendyy the reduced frequency value aagd the shift factor, which has been

determined herein by considering the classicalisifils-Landel-Ferry (WLF) Equation [21].

The final equation applied can then be writtenddisWs (9):

* Z ~Bx ~bBx —1
e Nl A L SR & ©
l+exgy -yllog f - 2"
F{w VEE g C2 [(Tn _Tr )J:|
Equation (9) corresponds to equation (2) writtentlfi@ k-th load cycle. Varying the value of thenkléx, equation (9)
allows the construction of the effective shear ntoslcurve for the damaged material, correspondintpeé damage D

given by equation (4) for the same load cycle. Detalated to the theoretical formulation of theabytical model

introduced in equation (9) have been presentechire@ous work [18].

In order to solve this equation, an additional pater denoted R, was introduced. In imposing a damage value at the
beginning of the test equal to 0, the damage faahre of 0., is assumed to be an iterative parameter. Morediver,
model regression parameters (Bel, v, v, Ci, Co, %7, %s: Yo @and Dh.1) can now be iteratively obtained by minimizing

the sum of squared errors between experimentalastatanodel values.

Experimental results for the complex modulus detilg use of the Dynamic Creep Apparatus were eteduaith

the well-known master curve criterion. The sigmbitiadel depicted in (7) was chosen to model thesmeament data.

5. Results and comments

51 Fatigue behavior

Experimental fatigue data can be represented mstef relative displacement peal and dissipated energy (DE)

vs. the number of cycles to failure.

Moreover, classical linear laws in bi-log scalefted typev = a(N)® andDE = c(N)", have been selected as fatigue
laws, in whichN; is the number of cycles to failure, as definedal0% reduction in modulus and the flex point mpdel
wherea, b, c andd are material parameters. The fatigue line andeélparameters are therefore able to describe the
fatigue life behavior of a predefined asphalt migtuDifferences in initial shear modulus were vedfat both test
temperatures, with WMA samples always showing ghdly higher stiffness than the verified HMA sangpl&uch
differences might depend on the crystallizatiosyithetic wax at temperatures below the meltingpai supposition

that would ascribe an added stiffness to the asphiature (as also verified in previous studiesV@NAs [7, 9]).



The dissipated energy criterion is well known tteipretations conducted in asphalt concrete meckd8r]; for

this study, the proposed formula is introduced gudtion (10):

DE. =nlrlulsing (20)

n

whereDE, is the dissipated energy [in J/mm?] within the dbanrresponding to thé"rcycle,t the peak of shear stress ,

v the peak of relative displacement, ghithe phase angle.

An attempt to omit the direct dependence of fatigesponse on temperature has been based on cog@En
experimental data collected at both test tempezatwith measured results fit at 10° and 20°C by nseaf a
conventional power law. The first fatigue datasaswgenerated by considering a 50% reduction in losdialue as the
failure criterion; Figures 3 and 4 show the finedults obtained in terms of peak of relative disptaent and dissipated

energy of the undamaged material{2§cle) vs. number of cycles to failure.

In examining Figure 3, several conclusions can t@avd. A linear law seems to be reliable for intetprg the
measurement data collected at various test tempegatThe R correlation parameters are high enough for both
mixtures tested, as reported in Table 2. As forHMA-WMA comparison, slight differences in fatiguesponses can
be observed. It thus seems that HMA and WMA fatigesponses depend on the initial deformation |eypglied,
hence on the initial stiffness properties (as hasnbcorroborated by a previous study .[9his trend can also be
remarked when simply considering the measured érpatal data in Figure 3. By focusing on Table 2vbeer, it can
be seen that fatigue law parameters "a" and "barg similar. In contrast, Figure 4 and Table @idgate that a linear
law is able to fit fatigue results, in terms ofsimted energy vs. fatigue cycles to failure, atous temperatures with
better reliability. In fact, correlation values this case exceed 0.9 for both mixtures considertddA-WMA
differences are more pronounced, especially whesidering fatigue responses at low levels of detsig energy, at
which point WMA appear to behave better than HMAr Righ dissipated energy levels, WMA and HMA faggaws
are very similar. These slight differences in faidaws are more noticeable in Table 2, where #ps gn parameters
"c" and "d" between mixes are greater than thosdie@ with the shear relative displacement; thésdings also
depend on the different value ranges consideredDfer This initial data presentation reveals the sgmbty of
representing fatigue laws for asphalt mixturesain tlistinct ways when considering measurement gaterated from
different test temperatures. Lastly, in light oéslke initial results, it would seem that adding Bgtit wax to produce
WMA and the corresponding lower working temperaguiie not undermine the shear fatigue responsetraidéional

HMA.
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Figure 4: Fatigue responses, as measured by dissipated ensrgycles to failure with a 50% reduction in miadu
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Table 2: Fitting parameters for power fatigue laws (failungth a 50% reduction in modulus)

Mixture R a b y-axis
HMA 0.8974  0.0285 -0.161 relative
WMA 0.9189  0.0265 -0.153  displacement

Mixture R c d y-axis
HMA 0.9681 0.1106 -0.330 -

dissipated

WMA 0.9648 0.1052 -0.322 energy

Measurement data were then analyzed by applyinflekgoint model in order to define new fatigudiufee points
and compare the corresponding fatigue responsésthdgise found above. As previously mentioned, tlelehwas
implemented using the Matlab software; Figuresréugh 7 offer an example of typical analytical fesplotted for an

individual fatigue test.
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Figure 6: Typical evolution of parameter D vs. number of egdN)
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Figure 7: Typical evolution of parametgr vs. number of cycles (N)

Figure 7 displays a classical evolution in param@tewhich in the proposed model proves fundamental to
determining the actual flex point, which has beeoppsed here as the fatigue failure point. WReaquals 0, the

corresponding related number of cycles is consalasethe number to failure.

Figures 8 and 9 depict fatigue laws that considerflex point model criterion.
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Figure 8: Fatigue responses, viewed as relative displacengentycles to failure with the flex point model
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Figure 9: Fatigue responses, viewed as dissipated energyekes to failure with the flex point model

Table 3: Fitting parameters for power fatigue laws (failungth the flex point model)

Mixture R a b y-axis
WMA 0.9898  0.0311 -0.166  displacement
Mixture R c d y-axis
HMA 0.9921 0.1664 -0.365 -
dissipated
WMA 0.9908 0.1333 -0.341 energy

In evaluating Figure 8, it can readily be obsertleat a power law applied with the flex point modéfers great
reliability when interpreting measured data cobecat various test temperatures. Correlation pam& are greater
than 0.9, which indicates a very good correlatietwleen measured data and the classical lineauéatay. Moreover,
in comparing Tables 2 and 3 for the purpose oftipigtin relative displacements, a good similarity material
parameters yet with different correlation values ba seen. This finding allows stating that a fagi¢jfe representation
is more reliable when applying the flex point mqdelen though parameters "a" and "b" are very amfibr both
failure criteria and both mixtures. By plotting uéis in terms of relative displacement and thenngirag the failure
criterion, the material parameters of both mixturesefore maintain very similar and comparableigal As displayed
in Figures 3, 4, 8 and 9 differences in responsebeadetected for low initial loading levels. Inngoaring HMA and
WMA responses, parameters "c" and "d" slightly eiffin particular, the gap in parameter "c" is cleégrized by a
factor of roughly 1.25. Hence, the differences iatenial responses are distinct and seem to depertteolevel of
dissipated energy. As can be verified in figurd,33 and 9, WMA appears to perform better at loargn levels, while

a similar performance can be observed for HMA ghér energy levels.

Lastly, Tables 4 and 5 below list detailed reswitsthe flex point model application, along with amber of

comparisons between the two failure criteria prepldserein.
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Table 4: Detailed modeling results for samples tested 4€C10

Test temp.
Sample code R? N¢(50%) N(flexmode) %K, [flexmod]
[°C]

HMA 2-7 10 0.984 14,235 12,914 54.6
HMA 2-5 10 0.973 38,744 31,203 58.5
HMA 1-2 10 0.960 66,153 54,692 59.0
HMA 2-3 10 0.956 127,752 113,799 54.8
HMA 1-5 10 0.972 579,821 409,743 63.5
HMA 1-4 10 0.921 2,413,967 1,704,769 61.6
WMA 2-5 10 0.965 12,245 13,371 46.8
WMA 1-5 10 0.970 30,565 24,337 57.9
WMA 2-6 10 0.955 82,078 69,473 56.7
WMA 1-1 10 0.980 174,355 142,733 58.5
WMA 3-8 10 0.983 895,815 665,587 58.4
WMA 1-2 10 0.978 2,568,015 1,555,693 65.5
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Table 5: Detailed modeling results for samples tested 4C20

Test temp.
Sample code R? N¢(50%) N(flexmode) %K, flexmode]
[°C]
HMA 1-1 20 0.988 26,930 47,264 37.9
HMA 1-3 20 0.991 70,444 128,681 39.6
HMA 2-6 20 0.982 125,991 191,919 40.5
HMA 1-7 20 0.996 1,235,019 1,008,732 43.1
WMA 3-4 20 0.987 97,651 147,451 40.8
WMA 3-5 20 0.989 132,674 228,553 39.9
WMA 3-1 20 0.977 306,786 577,281 35.6

From these two tables, several findings can be nlralve correlations between the model proposekisniork and
experimental results are very strong across aiViddal test data processed, as seen by theaRes (in excess of 0.9).
This outcome allows concluding that the proposediehseems to be characterized by a great religbiliten
interpreting the shear fatigue results of asphaticeetes at different test temperatures. The vdaleded as N50%)

and N(flexmode) are the number of cycles to failure daieed, respectively, by a 50% reduction in modwnd by

the flex point model, while %, [flexmode] is the ratio in percent between the oiod referred to in N flex point,

and the initial modulus value. A comparison betwé®sn two failure criteria employed now becomes jiidss The

temperature effects on the mixture can be evalubyedomparing the number of fatigue cycles to failwith the

corresponding reduction in modulus value. Let's aikrthat the flex point model identifies variousldfee points

besides those determined by a 50% reduction in fuedAt 10°C, the proposed model identifies fatidaibure before
that identified by the 50% modulus reduction, wikle direct consequence being that failure occursneter the
reduction in stiffness is less than 50%, excepirnia case (WMA 2-5). The opposite arises for datarded at 20°C,
for which the modeled failure points are locatetbrathat expected by the 50% modulus reductionh wie direct
consequence of failure occurring for a stiffnesfuntion of more than 50%. The results listed inl&at# and 5 thus
highlight in detail the differences in fatigue fak between the two adopted criteria. Given that 38% modulus
reduction is a failure criterion based solely ompra-established reduction, hence on a conventitestl point, the

proposed model reveals itself to be more highlyalated with the entire material response durisgng.
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5.2 Stiffness characterization

Stiffness characterization involves both the corspien complex modulus (E*), as evaluated with respe the

master curve by the sigmoidal model introduced abawnd the indirect tensile stiffness modulus (IJSM

Figure 10 shows the various mixture responses ¢firthue measurement data and related master curves.

A HMA Measured T=0°C ® HMA Measured T=10°C * HMA Measured T=20°C
X WMA Measured T=0°C 0 WMA Measured T=10°C X WMA Measured T=20°C

1.00E+05 —
[ Master curve HMA Master curve WMA

1.00E+04 | =

E* [MPa]

\
xXe&

1.00E+03
1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03

Red. Frequency [Hz]

Figure 10: Complex modulus: HMA-WMA measurement data and mestees

As seen in Figure 10, the complex modulus responsdmth asphalt mixtures are correlated with teduced
frequency and hence to the test temperatures loeimgidered. This dependence is noticeable for thathmeasurement
data and the final master curves derived using ¥ Ghe reference temperature. The master cunaesiloe how an
asphalt mixture behaves in terms of complex modutudrequency, in omitting the direct dependenceaemmperature.
The extra stiffness of WMA over a wide range ofueed frequencies above 1 Hz can be observed, tidicsating a
mechanical response very similar to what was ifiedtduring other experimental studies [23]. HoweWMA seems
to lose stiffness at frequencies lower than 1 Hz, where WMA values lie closer to HMA. Around CHEz, an
intersection is found between master curves, alvbich exhibit practically the same response; meeeoa trend
towards stiffness gap reduction is noticed for oedlifrequency values above 100 Hz. The temperaemsitivity of
mixtures is apparent when examining individual nieasent data: at frequencies of less than 1 Hz, HWAws

higher modulus values than WMA, whose behaviortmanecorded for an individual experimental datas@0°C.

Table 6 lists all sigmoidal model parameters, whadaes (except fa3) of the mixtures tested remain quite similar.

In addition, B values are high, and this finding exhibits a sgrarodel results - experimental data correlation.
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Table 6: Sigmoidal model parameters for master curveg & 10°C)

Mixture code 8 ¢ v y R
HMA 0.0937 4.577 -1.858 0.420 0.985
WMA 0.3939 4.187 -2.033 0.530 0.978

Table 7: ITSM: HMA-WMA measurement data

Mixture HMA WMA
Temperature [°C] 0 10 20 0 10 20
ITSM [MPa] 17571 11215 5694 18947 10766 4753
Std. dev. [MPa] 1346 1053 680 1566 469 318
20000
I B HVA
[ WMA
15000
E I
=3
> 10000
[%0] L
= 10°C
5000 |
I

Figure 11: ITSM: HMA-WMA measurement data

Figure 11 and table 7 present the experimentdhetif data recorded using an indirect tensile gardiion. The
experimental data displayed in Figure 11 suggest HMA and WMA stiffnesses are strictly correlateith test
temperature. A decrease in stiffness occurs in boxtures as temperature increases. When compkiguges 10 and
11 and under similar test conditions, it is obvidhat the applied load configuration plays a rerabh role in the
stiffness response of both mixtures, as revealeétiermechanical performance of an asphalt mixt@iadghigher in

compression than in indirect tension. The addifi®iMA stiffness only appears at 0°C, as the warmgas tend to
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increase in stiffness around the 10% level. Theosjte occurs at other temperatures, where WMA étehibdecrease
in modulus around 4% at 10°C, and then around 15520°€C. As also observed in the compression cordiipn at low
frequencies, WMA stiffness properties show visitelmperature sensitivity. Because all samples testhdther HMA
or WMA, were very close to 5% air void content, theasured additional WMA stiffness at low tempenggican only
be correlated with the presence of synthetic wancexrystallized, the wax serves to add stiffnesaly asphalt binder

or mixture, and this finding can be verified duritegting at predefined loading frequencies and &ratpres.

6. Conclusion

This research program has studied the mechaniopkpies, in terms of shear fatigue and stiffnesgoth WMA
by adding synthetic wax and HMA for the purposeldwing comparisons with one another. Samples tf boxes,
with the same gradation and asphalt content, @réift shape and a very similar air void contentewested under
various test conditions regarding test configuratimading frequency and test temperature. Fatigselts were
analyzed using two failure criteria: a 50% reductio modulus, and the flex point model. The finaponses were
depicted relative to shear relative displacemert dissipated energy vs. number of cycles to faillMereover,
stiffness properties were assessed with respecbrapression complex modulus master curves andeictdtensile

stiffness modulus values.

In light of the range of results obtained and régabrabove, the following conclusions can be drawn:

- Good overall reliability from the use of varioudldige criteria, as well as different representaticand the
classical power fatigue laws have all been verifigd analyzing fatigue data obtained with two test
temperatures. The proposed model, defined as tlex ‘foint model", has proven to be an effective
mathematical tool for interpreting shear fatigugadaAn array of result representations, includiegative
displacement and dissipated energy vs. number degsyo failure, can yield different model-experita
result correlations, thus leading to differing able responses for the given failure criterion; aoeer, both
failure criteria may be utilized to interpret faigresults at various test temperatures;

- The proposed fatigue representations, shown as Vialigue responses relative to both experimentah dat
points and fatigue regression parameters, are samjlar to those identified for traditional HMA, thi
differences depending on the criterion used andengenerally, on the relative displacement or pasid
energy level considered. Some noteworthy WMA-HM#&eatences have been found for the dissipated energy
vs. cycles to failure parameter by applying the f@int model, for which the WMA seems to behavédre
Moreover, the change in fatigue criteria implieshange in fatigue law parameters. The additionyothetic

wax does not therefore seem to degrade the fatighavior of an asphalt mixture;
18



Stiffness characterization revealed differencestingd to both loading frequency and temperature. AVM
exhibited an added stiffness compared to HMA, dsfigcat higher reduced frequencies and/or lower
temperatures, as also verified in subsequent studieis additional stiffness stems from the syrithetax,

which adds "stability" to an asphalt binder andsmmquently to the asphalt mixture due to its criigtad form.
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