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Resumo

Tradicionalmente, os métodos de dosagem de misasgfédticas ndo consideram de maneira explicitagelpdos
agregados em seu desempenho de campo. Sabe-sm geéeito tipico das idades iniciais de um revestito asfaltico
€ a deformacdo permanente, a qual é fortementeeidlada pelas caracteristicas dos agregados,tisira sua
granulometria. O presente trabalho é focado em abmadagem para avaliacdo e selecdo granulométrieaviga
auxiliar a composicao de um esqueleto pétreo coantiavamento e estabilidade suficientes paratitegisleformacao
permanente, denomina@ASR — IC modgdenominada no Brasil como método de Faixa de Amgteg Dominantes
(FAD)]. Busca-se verificar a eficacia de determwedritérios propostos para 3 pardmetroPDé&SR — IC modedm
onze misturas asfalticas brasileiras. A resistéacaformacdo permanente foi expressa plelv Number(FN), obtido
no ensaio uniaxial de carga repetida. Pode-se uiorgpie a porosidade FADASR porosity, relacionada a porgao
grauda dos agregados, consegue estimar satisfagori@ a resisténcia a deformac@o permanente ddsrasis
asfalticas, caracterizando-se como o principalrpaté do método FAD. Os demais parametros avaljiapess sejam,
Fator de Ruptura Oisruption Factor (DF)] e Fragdo de Agregados Miudo§ifje Aggregate Ratio(FAR)]
caracterizaram-se como parametros secundarios @uelementam as andlises e levam em considerac&wgaop
milda dos agregados. Todos os intervalos recomendadtérios) para esses parametros mostrarardesuados e
podem levar a um projeto consciente de curvas tpadiricas visando reduzir a suscetibilidade a medgéo
permanente na mistura asfaltica em campo.

Abstract

Traditionally, asphalt mixtures design methods dbeaxplicitly consider the role of aggregates gldiperformance. A
typical distress of early ages in asphalt layerpasmanent deformation, which is remarkably inficessh by the
characteristics of the aggregates, especially ¢iadarhis work is focused on an approach to ev@naand gradation
selection that aims to help the composition of aeral skeleton with proper interlocking and stapito resist to
rutting, called DASR - IC model [denoted in BraadiFaixa de Agregados Dominant@sAD)]. The aim is to verify the
effectiveness of criteria proposed to 3 DASR - 1G@del parameters in eleven Brazilian asphalt miguiiéhe Flow
Number (FN) from uniaxial repeated load test exgeshe resistance to permanent deformation. ltceasluded that
the DASR porosity, related to the coarse aggregesessatisfactorily estimate the resistance tonpeent deformation
of asphalt mixtures, being the main DASR — IC mquietameter. Other parameters such as Disruptiotoi-¢2F) and

Fine Aggregate Ratio (FAR) were characterized asrstary parameters that complement the analysiga@dinto

account the fine portion. All recommended rangei$e(da) for these parameters are suitable anddceald to a rational
gradation selection to reduce the susceptibilitpgomanent deformation in asphalt mixtures in tole f

1. Introduction

The role of aggregate characteristics in the machhperformance of asphalt mixtures is widely doeated
in the literature, especially the gradation (Ahkid996; Stakston and Bahia, 2003; Galalipetual, 2012.). A suitable
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particle size distribution produces stable asphaittures with a proper interlocked mineral skeletogsulting in
increased resistance to permanent deformationpiaatyearly age defect in asphalt layers. Althotigk fact is well
known, in Brazil, it is not used any parameter valeate the effect of gradation on the field parfance of asphalt
mixtures. Churet al (2012) emphasize that in the Superpave desighadetlthough several parameters related to
aggregate gradation have been studied in an attengentify its effect on the performance of tleplaalt mix, there is
still no consensus on the best alternative.

The first proposed method for evaluating the mahekeleton of asphalt mixtures was the Bailey meéth
based on the theory of particle packing (Vawikal, 2002). Subsequently, Kirat al (2006) and Guarin (2009)
developed respectively, the DASR porosity and tisruption Factor (DF), which also have the samerttical basis
of the Bailey method. In their results, both partere proved to be important tools for assessing pbeential
performance of asphalt mixtures with respect testasce to rutting. Complementing the work of thasthors, Chuet
al. (2012) proposed two additional parameters for gradaevaluation, the Effective Film Thickness (EFANd the
Fine Aggregate Ratio (FAR). These four parameter fthe so-called Dominant Aggregate Size Rangeerdtitial
Component (DASR - IC) model. Chun and Kim (20163oremend the incorporation of these parameters én th
guidelines and specifications of Superpave desigthad for asphalt mixtures.

The present study aims to evaluate the resistangermanent deformation of Brazilian asphalt mietubased
on the DASR - IC model by comparing their paranmeeteith the results observed in the laboratory ieoito identify
and to verify whether the model is able to consityeexplain the potential resistance to ruttinglafse mixtures.

2. Dominant Aggregate Size Range — Interstitial Coponents Model

The DASR - IC model was developed at the UniversitFlorida and basically describes the asphatt finoim
two main components: (i) Dominant Aggregate Sizedea(DASR), related to coarse aggregates andnfigrdtitial
Component (IC), related to fine aggregates.

Kim et al (2006) introduced the concept of DASR, which refe the primary structure of coarse enough
aggregates (larger than 1.18 mm) responsible fsistreg to permanent deformation due to their atéon and
interlocking features within the asphalt mixturéhefe features are observed when the relative ohtibe retained
percentages between consecutive sieves is betwé8rad 2.33, which ensures an adequate contageéetparticles
(Kim et al, 2006). Thus, it is noted that not all coarseugimoaggregates form, necessarily, the mineral gkelef an
asphalt mixture. The larger aggregates than the®a® called floating aggregates, because there goper contact
between such particles which remain dispersed énatpgregate matrix, and do not significantly cdmtie to the
resistance to permanent deformation.

Interstitial aggregate (smaller than DASR), asphadder and air, called Interstitial Componen@)(lfill the
voids existing in the primary structure. The IGésponsible for adhesion and tensile strength efagphalt mixtures.
Guarinet al (2013) concluded that IC properties also affeigmificantly, the resistance to permanent defoionaand
fatigue cracking of asphalt mixtures. Figure l1sthates the components of the DASR - IC model.

DASR

Floating
aggregates

Figure 1. Schematic illustration of DASR — IC mb@&dapted from Kim, 2006)

The DASR interlocking is evaluated from a parametamed DASR porosity, while the IC distributiorsitle
the mineral skeleton of the asphalt mixture is eatdd by the Disruption Factor (DF). As previousigntioned, Chun
et al (2012) presented the Effective Film ThicknessTE&nd the Fine Aggregate Ratio (FAR). The firsaiproperty
of the IC and measures the thickness of the asphaler on the aggregate. As Kandhal and Chakral§d€96), this
thickness can be used as an indicator to charaetthé durability and the resistance to fatiguelirg of the asphalt
mixture. Since the focus of this article is perm@ngeformation, such parameter is not evaluatedti@rother hand,
the FAR is connected to the IC composition (paetgikes).
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Roqueet al (2015), based on an extensive evaluation of fieldormance of asphalt mixtures from Superpave
Monitoring Project Il - Phase Il in Florida, propasacceptable ranges for each parameter of the DASRnodel in
order to obtain asphalt mixtures with good fieldfpemance, as shown in Table 1. In the referreccars, two
aggregate types were used, granite and limestone.

Table 1. Acceptable range for DASR — IC paramdfieoxjueet al, 2015)

Parameter Range Observation
DASR porosity (%) 38 -52 between 48 and 52 areginaf porosities
DF 0.50 - 0.95 for cubical DASR structure
FAR 0.28 - 0.36 -
EFT (um) 12.5-25.0 -

2.1. DASR Porosity

The term porosity is widely used in soil mecharaosl defines the dimensionless relationship betwedéch
volume of a sample and its total volume. From tbafpof view of the DASR - IC model, the gradatieoids are
related to any material that does not act effeltiirethe formation of a resistant mineral skeletbe., does not belong
to the DASR: the asphalt binder, air void, andrstital aggregates (smaller than DASR). The fivedb components
form the Voids in Mineral Aggregate (VAM) of thepd®lt mixture. Although the DASR indicate which fige sizes
form the resistant structure of the asphalt mixtthie determination of porosity (Equation 1) is wimalicates whether
or not its structure resists satisfactorily.

Vy(DASR) Vicagg + VMA
Npasr = = 1)

Vr(pasr) T Vim- Vagg>nasr

Where

Npasr. DASR porosity,

Vy(pasry: volume of voids within DASR,

Vrpasr): total volume available for DASR particles,
Vicagg: VOlume of IC aggregates,

Vagg>nasr: Volume of particles larger than DASR,
Vo total volume of the asphalt mixture, and
VMA: voids in mineral aggregate.

In the initial proposal of this parameter, Kaehal (2006) established that the DASR porosity shdigdess
than 50% so that the asphalt mix can present aldeiinterlock between the aggregates in the mirsiedeton, and
therefore good field performance. It was hypothesithat the lower the value of DASR porosity, tighkr would be
the resistance to rutting of asphalt mixtures. RdgeRoqueet al (2015) recommended the range of 38-52% for the
DASR porosity. It should be noted the porositiesge of 48-52%, called marginal porosities, are att@rized by a
very unstable interlocking and a performance diffito estimate (Kinet al, 2006; Greenet al, 2014; Ferreirat al,
2016). The full development of this parameter caridund in Kim (2006) and Kirat al (2006).

2.2 Disruption Factor

Guarinet al (2013) emphasize that for calculating the DASRopity (Equation 1), only the IC volume is
considered. So, it does not take into accountrtfieance of other characteristics of these comptmevhich can affect
the performance of asphalt mixtures, as rutting fatidue cracking. The Disruption Factor (DF) wasraduced to
characterize the volumetric distribution of the gmments of the asphalt mixture that fill the vomfsthe DASR
structure. Its main purpose is to determine themtal of this finer gradation fraction to disrupe DASR structure,
damaging the contact between the particles of éséstant structure, subsequently influencing thdopmance of
asphalt mixture.

The DF is defined as the ratio of the volume ofpiBticles with potential to disrupt the DASR sture and
the DASR volume void. Guariat al (2013) suggest the existence of an optimal Digegfrigure 2). In this regard,
resistance to permanent deformation can be affdmiéidl by low and high DF values. According Rocuieal (2015),
the DF should range between 0.50 and 0.95 for allMASR structures. For cubical arrangement, tisalteg void
will have eight spheres (aggregate particles) ataymwhich form the corners of a cubical void (Bna2009).
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Figure 2. DF values: low, optimal and high (frosft to right) (Adapted from Guariet al, 2013)

Guarin (2009) shows that it is possible to infer type of packing of the DASR patrticles from thmirosities.
For instance, a simple cubical packing is assottiatith DASR porosities of approximately 48%, whiehexagonal
close packing is associated with DASR porositieapgroximately 30%. In the first case, there maytermation of
only one type of void structure (cubical void).the second case of packing, two types of void n@opio tetrahedral
and octahedral. The calculation of DF for each typeoid structure is required. As previously expé, the literature
only recommends a suitable range for simple culpeakings. For the asphalt mixtures with low DASRqsity, this
range is totally unknown.

In DF calculation, all those particles larger thihe voids of DASR are considered particles with plotential
to disrupt the DASR structure. Moreover, the sizéhese voids varies depending on the type of packizuarinet al,
2013).

2.3 Fine Aggregate Ratio

The Fine Aggregate Ratio (FAR) is defined as #iterof Coarse Portion to Fine Portion of Fine Azgate,
and it represents the fineness of the IC, charaotgrits composition (Chuet al, 2012). The Coarse Aggregate Fine
Portion of (CFA) is represented by the largestiplarsize that composes the IC, while the Portibfrine Aggregate
Fine (FFA) is represented by all other particleesibelow the CFA. The FAR is related to time depehdesponse
(creep response) of the asphalt mixture. The FARedksas other parameters of the DASR - IC modstassed in this

paper are shown in Figure 3.
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Figure 3. lllustration of DASR — IC parameters (@let al, 2012)

3. Materials and Methods

In this article, the gradation analysis of the BRASIC model were performed in eleven Brazilianskeasphalt
mixtures according to the requirements of Braziligmadation specification ES 031 (2006) of DNIT (idaal
Department of Transportation Infrastructure). Aphalt mixtures have the same type of asphalt big&le 50/70) and
variable gradations. Their main characteristicssamamarized in Table 2.
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Table 2. Characteristics of the analyzed asphiaitunes

Binder Type of NMAS Voids

Mixture Design Gsb Gmm Aggregate type

content (%) binder (mm) (%)

1 Marshall 5.8 12.5 2.326 2.423 Gneiss

2 Superpave 4.5 19.0 2.649 2.538 Gneiss

3 4.8 12.5 2.590 2.378 Gneiss

4 4.2 25.0 2.679 2.568 Granite gneiss
5 Marshall 4.9 19.0 2.672 2.534 Granite gneiss
6 4.6 50/70 12.5 4.0 2.673 2.541 Granite gneiss
7 4.9 9.5 2.667 2.523 Granite gneiss
8 3.7 2.599 2.704 Diabase

9 Superpave 3.7 19.0 2.608 2,718 Diabase

10 4.0 ’ 2.600 2.705 Diabase

11 4.0 2.595 2,701 Diabase

Mix 1 is an asphalt mixture of recognized poofdfieesistance to permanent deformation. Mix 2 vexently
applied in experimental sections to be subjected ltteavy Vehicle Simulator (HVS). All other mixtsrevere used in
previous research, and their resistance to pernaeéormation in the laboratory are known.

All asphalt mixtures investigated were subjecteduniaxial repeated load test according to the quait
proposed by Witczakt al (2002), and their respective Flow Numbers (FNsjendetermined. The FN is the parameter
that soon should be part of the Brazilian spedifices for asphalt mixtures to ensure adequatetegnsie to rutting.

With the results of FN, it was established cotietes between the parameters of the DASR - IC m@daSR
porosity, DF and FAR) and the resistance to permiadeformation of the analyzed mixtures. The vafidif the
criteria proposed by Roquet al (2015) (Table 1) was checked for Brazilian asphaktures. Basically, it was verified
the ability of the DARS - IC model to explain thesistance to rutting of asphalt mixtures with diéf& characteristics
from those in which this approach was originallyeleped.

4. Results

4.1 Gradation Analysis Results

The parameters of the DASR - IC model were caledldr each of the asphalt mixtures and their vaare shown in
Table 3. Hereafter, we discuss these results cangpdrem to the ranges recommended by Raqu (2015) for each
DASR - IC parameter.

Table 3. DASR - IC parameters for analyzed asphiitures

Mixture DASR (mm) DASR porosity (%) DF FAR
1 2.36-1.18 83.6 2.96 0.42
2 12.5-4.75 48.6 0.19 0.08
3 4.75-1.18 46.3 0.72 0.41
4 19.0-2.36 31.3 2.10 (0) or 5.23 (T) 0.29
5 4.75-1.18 51.5 0.87 0.35
6 4.75-2.36 48.0 0.53 0.32
7 4.75-2.36 58.4 0.69 0.25
8 4.75-1.18 33.0 2.80 (0) or 7.79 (T) 0.28
9 4.75-1.18 35.7 2.98 (O) or 8.47 (T) 0.27
10 4.75-1.18 33.6 2.88 (0) or 7.94 (T) 0.28
11 12.5-1.18 27.0 2.91 (O) or 8.20 (T) 0.28

NOTE: O = Octahedral void type and T = Tetrahedoéd type

For DASR porosity, Mix 1 and Mix 7 have values ed®2%, which according to the DASR - IC model,
indicates a mineral skeleton with low resistanc@domanent deformation. It is observed that fohbutxtures, their
DASR structures are composed by only two sievessi@a the other hand, it is expected good perfoceaf Mixes 3,

4, 8,9, 10 and 11. Among these mixtures, therecanginuous and well interlocked structures for RABp to five
consecutive sieve sizes (Mixes 11 and 4), whichehte lowest values of DASR porosity. Mixes 2, 5 @#nhave
marginal DASR porosities, meaning an unstable lotking in the aggregates of the DASR structure.

As discussed above, the determination of DF depemdthe existing void type in the DASR structufbe
mixtures with DASR porosity close to 30% form twagés of voids (octahedral and tetrahedral). In stades, it is

5
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calculated the DF of each of these types (assualingpids with octahedral shape, or all voids wfrahedral shape,
since the quantification of each type of existimgdvis a complex task). For the other cases, omlsalae of DF is
determined. Roquet al (2015) recommend a range for the cases of aesirgjue of DF (cubical void). Mixes 3, 5, 6
and 7 follow this range. This indicates that theferstitial structure of aggregates help DASRgisice to shear stress;
thus, they are more resistant to permanent deftwmabDiversely, Mix 2 has a very low DF. As a rdsitls DASR
structure does not receive significant aid fromittierstitial aggregates in the resistance to paenadeformation, and
may even have reduced the resistance. Mix 1 haghaDF, i.e., its resistance to rutting is greatiguced by the
disruption of the DASR structure by interstitialgaggates. For Mixes 4, 8, 9, 10 and 11 the acckptabhges for DF
are not defined.

It was hypothesized that the FAR is associatetl thie creep response of the asphalt mixture, dgohigaer
FAR values correspond to higher creep rate. Therefthis may result in increased susceptibility rtdgting
accumulation. As Mixes 4, 5, 6, 8, 10 and 11 oloethe range recommended by Rogai@l (2015), it is expected that
such mixtures exhibit greater resistance to permaheformation.

4.2 Evaluation of Uniaxial Repeated Load Test
The FN values of different Brazilian asphalt mngsi were confronted with DASR- IC parameters ineotttd

verify the validity of the criteria proposed by Rexet al. (2015). Figure 4 shows the FN and DASR porositieall
asphalt mixtures.
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Figure 4. FN and DASR porosity values for analyasphalt mixtures

It is observed in Figure 4 that the Mix 1 has iighest DASR porosity and the lowest FN, which reaglain
its great susceptibility to permanent deformatienuanulation, fact already identified in the fieMixes 2, 5 and 6
have marginal DASR porosities, therefore supposadlyinstable mineral skeleton and a difficult pcadn for field
performance. It can be noted that Mix 2 has thédsg FN among all mixtures analyzed, while Mix 6wh the second
worst FN. Finally, it is emphasized that all asphmixtures with DASR porosity less than 48% have kiigher FN
values, indicating a greater ability to resist panent deformation.

Figure 5 shows the statistical correlation betwEbh(dependent variable) and DASR porosity (indelee
variable) of the investigated asphalt mixturesFlgure 5a it is included all asphalt mixtures, véd&s in Figure 5b
asphalt mixtures with marginal DASR porosity weedt lout. The variability of the results of asphalixtures with
marginal DASR porosity affect the correlation.
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Figure 5. FN and DASR porosity correlation: (a) mixtures and (b) Except mixtures with marginal 8RR porosity
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The results in Figure 5 provide evidence thatpghmposed criterion for DASR porosity is also vl the
analyzed Brazilian asphalt mixtures. Therefores tfarameter has the potential to be used as aratodiof resistance
to permanent deformation.

Among the six asphalt mixtures with cubical DASRusture, only four of them meet the range reconheen
by Roqueet al (2015) (0.50 - 0.95). As seen in Figure 6, Mikak a DF far above the recommended upper limig, thu
the interstitial aggregates disrupt the DASR stigtwhich combined with its high DASR porosityngastify the low
resistance to rutting. In Mix 2, the interstitiajgaegates do not work with the DASR structure ie thsistance to
permanent deformation; nevertheless, it has thiegisig-N. It should be noted that Mix 1 has margid&ER porosity,
as well as Mixes 5 and 6, which have a DF withia tacommended range, but some of the smallest Rki¢s/aAll
other mixtures shown in Figure 6 meet the critpraposed for the DF and FN intermediary values I@rpd by the
DASR porosity of each one). From these results[XRas characterized as an additional paramet&ASR porosity,
because its isolated consideration does not wplaéxthe mechanical behavior of the analyzed dspfiatures.

OFN ¢DF
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1.75 400 ©
2 5
Z
¢ & m 200 =
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& DF 2.96 0.19 0.72 0.87 0.53 0.69
Mix

Figure 6. DF and FN values for analyzed asphattunés

Guarinet al (2013) relate DF with resistance to permanenbmedtion and suggest the existence of an
optimal DF range. Figure 7 presents the resisttampermanent deformation (considering the FN) Bg-dunction for
the same aggregate type [analogous procedure adbpté&uarinet al (2013)]. The two types of DF for asphalt

mixtures with hexagonal structure DASR are alscsmered.

900
o
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g [ ] L voids)
) A . .
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. 2
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0 [ ]
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DF
Figure 7. Relationship between FN and DF

Unlike Guarinet al (2013), in Figure 7 it is not possible to ideyptny behavior that suggests the existence of
an optimal DF range, i.e., a range that confersotbs structure to rutting resistance. As it carsd&en, the FN values

are close enough for the same type of aggregateioandispersed if all asphalt mixtures are considén the analysis.
Figure 8 shows how the FAR varies with the FN galuMixes 4, 5, 6, 8, 10 and 11 were the only \Wi#iR

within the range recommended by Rocpteal (2015) (0.28 to 0.36). Concerning to asphalt orie$ of marginal
7
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DASR porosity (Mix 5 and 6), which have a poorlydenstood behavior; the mixtures that meet the FARron are
those with the greatest resistance to permaneatrdafion. Mix 9 can also be included in this grolijis observed that
its FAR is very close to the recommended lowertliamd its FN is one of the highest. The smallestvaNies are
associated with asphalt mixtures that did not ofteyFAR criterion. Thus, the criterion establisigdRoqueet al
(2015) proved to be suitable for the mixtures aredyin this article. It is important to point obiat the FAR, beside
DF, gives a better estimation of the potentialstesice to rutting of asphalt mixtures, althoughas little statistical

correlation with the FN, as shown in Figure 9.
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Figure 8. FAR and FN values for analyzed asphaltures
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Figure 9. FAR and FN correlation (except mixtungth marginal DASR porosity)

5. Conclusions

The evaluation of the resistance to permanent deftion of Brazilian asphalt mixtures was condudbgd
repeated load uniaxial test (by means of the FNhieck the effectiveness of the criteria estabtistoe DASR - IC
parameters as an aid tool in the mixture desigsg@h@ihe objective was to have a simple methoddntify asphalt
mixtures with strong and stable mineral skeletongimizing the susceptibility to permanent deforimat The main
conclusions and findings are as follows:

e The DASR porosity consistently characterizes theemal skeleton interlocking and the resistance to
permanent deformation of asphalt mixtures, making potential tool for practical application. Its
main limitation is that the role of the fine aggages on the mechanical behavior of asphalt mixtures
is not directly considered.

* The DF is a secondary parameter that can refinanhéysis of the DASR porosity, once it is directly
related to the distribution of interstitial aggrégm(fine portion) in the mineral skeleton. On dtleer
hand, the DF is unable to estimate alone the gitésistance of asphalt mixtures.

« The FAR is another secondary parameter, but wigarcand direct relationship with resistance to
permanent deformation of asphalt mixtures. It ngsévaluated in addition to the DASR porosity.

e The criteria for the DASR — IC parameters recomneeinby Roqueet al (2015) proved to be valid
for Brazilian asphalt mixtures, although a morerttugh validation is recommended.

e The inclusion of these parameters and criteriasiphalt mixture design can greatly improve their
performance in the field, reducing spending on béhation and promoting the durability of asphalt

8
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mixtures. In addition, the role of field compactiohinder content and type, granular layers
characteristics, traffic and environmental condisioand other aggregates characteristics (shape,
angularity, and texture) must be considered foreatgasphalt pavement rutting performance.
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