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ABSTRACT

The following paper corresponds to the charactgoraof mechanical properties in fine asphalt
mixtures by means of a micro scale test. The cheniaation method involves the design of the fine
asphalt matrix, the specimen preparation, the pedace of shear tests, and the construction of mp
shear modulus master curves based on the obtarelis:

The tests were performed by means of the Dynamichiigical Analyzer (DMA). The test
configuration consists of a temperature and frequesweep for a given strain level, within the linea
viscoelastic range of the material. The test imgetation experimental design involved the use a tw
aggregate sources and three different asphalt typest, SBR modified, and ethylene copolymer
modified). Based on the results for the differerikem, master curves were calibrated based on the
sigmoidal, CA, and CAM general models, using Aribsrand WLF adjustment factors.

As part of the study, the DMA test based on sheadihg mode was successfully implemented
and allowed for measurement of a fundamental natproperty: complex shear modulus (G*). The G*
estimation was based on measurement of shear,sttesn, and phase angles. Complex shear moduli in
the range of 40 to 170 MPa were obtained, beinditigeasphalt mixtures modified with ethylene block
copolymer the ones that developed higher stiffnasd, the fine asphalt mixtures with neat binder the
ones with lower stiffness. Based on the G* resultaster curves were developed obtaining the hifiher
when using the general sigmoidal formula which catis the high degree of similitude in behavior
between the fine asphalt matrix and the completeAHigphalt mixtures.
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INTRODUCTION

The complexity in behavior of the asphalt bindeue do the its viscoelastic properties (variability
associated to temperature, loading time, and aggllts in a broad research spectrum for the materia
The following study corresponds to a characterathpproach associated to one component of the
asphalt mixture: the fine asphalt matrix.

With the purpose of performing research associatelde behavior of asphalt mixtures at reduced
scales, LanammeUCR acquired the Mechanical Dynafwmalyzer (DMA) which allows for the
measurement of the static and dynamic responseiat=ih to viscoelastic materials. However, prior to
the study, no testing methodology had been propfmseghalyzing asphalt mixtures using the equipment

The importance of the following study is that itloaled for the implementation and
standardization of the use of the DMA for charaeieg fine asphalt mixtures within the linear
viscoelastic range of the material. Three fundaalerasons for the importance of understanding this
component of the asphalt mixture are the followiagmicrocracking of the asphalt mixture initiatds
the fine asphalt matrix and then reflects to thdase of the pavement structure; b) it is the most
homogeneous component of the asphalt mixture; @nthe characterization of the fine matrix allows
prediction of the behavior of the asphalt mixt(€aro, 2013)

Furthermore, the study serves as an input for resessociated to moisture damage, defined as a
loss in adhesivity and durability, due to the preseof water at the asphalt-aggregate interfaceitbin
the asphalt matrifLytton et al., 2005)a typical phenomena in Costa Rica. The followimgthodology
allows researchers to perform micromechanical aimlgissociated to moisture damage and generate
knowledge that can further improve the understandif the mechanisms associated to this type of
distress.

BACKGROUND

The micromechanical analysis of asphalt mixtures baen researched by the Texas Transportation
Institute (Lytton et al., 2005; Howson et al., 200Where several projects to measure the surfacgene
of different aggregates and asphalt sources has fedormed. However, the previous research aldo le
to the understanding of the moisture damage proedsn studying the micromechanisms that affect the
adhesive interface between the aggregate and itealasand the cohesiveness and durability of the
asphalt matrix. The research was performed in tstindt phases.

The first phase looked at evaluating surface enargl/dynamic response of the matefiaftton
et al., 2005) The micromechanical tests that were performedbased on the application of a cyclic
torsion stress at controlled strain conditions.tifgsfocused on the measurement of accumulated geama
in the asphalt binder and the fine asphalt mixtlitee results were used for quantifying the disgigat
energy by the material and the energy associatdeeteiscoelastic deformatighytton et al., 2005)

The second phase introduced the concept of enatify (ER) that was used to combine the
energies associated to the adhesive and cohesn#, lbbs a parameter to evaluate the compatibility
between asphalt binders and aggregates in termesistance to moisture dama@#owson et al., 2007)
Towards this purpose, a system for the evaluatibmoisture damage was developed. The system
involves studying the compatibility of an asphaldeaggregate source by means of surface energy and
ER, followed by the mechanical dynamic analysishef fine asphalt mixture. Finally, evaluation oéth
moisture susceptibility of the asphalt mixture ssessed, in order to evaluate the optimality of the
mixture design and volumetric requirements forkihéA.

Because the previous studies demonstrated thdeeffic of the micromechanical analysis to
assess the resistance of the fine asphalt mixEA®Y to moisture damage and fatigue cracking, astu
to develop a simplified method for the material ansoftware tool for data analysis (fracture measan
parameters associated to fatigue cracking and mmeisiamage related parameters) was perfo(®edsa
et al., 2011) A project to implement the methodology for DMAesimen preparation was concluded
based on different asphalt and aggregate matefiais.researchers devised a method to design fine
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asphalt mixtures based on the actual asphalt cotitahis used by the fine portion of the gradationa
given asphalt mixture (material passing the Nosigge).

More recently, research to analyze the linear aordlmear viscoelastic behavior of bituminous
mortars was performed to characterize the behafiadhe asphalt matrix at various temperatures and
shear stress level@Voldekidan et al., 2013)The methodology implemented as part of the study
maintains the same approach developed previouslyTdy The research highlights the importance of
performing non linear analysis to obtain the trughdwvior of asphalt mixtures in response to low
frequency loading at higher temperatures.

Other studies have also looked at different topickhe micro scale level, such as the anisotropic
analysis of stiffness reduction in asphalt mixtubesed on micromechanical analyfidasad et al.,
2013) Based on the study, it was found that the asphiatiure stiffness is 30% higher in the horizontal
axis when compared to the vertical axis. The reswire possible by studying the properties of the
materials at the micro scale level where the homeye of the material is higher, as compared to the
more heterogenous asphalt mixture.

Additionally, fine mixtures have been implementadésearch associated to the use of RAP. In
this sense, a project to evaluate the properti€Adt, mixture design, and HMA mixtures with high RA
contents has been performg@dria, 2011) The author highlights that the characterizatibihe RAP
binder corresponds to one of the fundamental stepse design of HMA mixtures with higher RAP
contents. The material characterization was peddrrby means of DMA analysis. As previously
mentioned, micromechanical analysis of the comptsneha pavement structure allows the mechanical
characterization of the asphalt mixture in a ptattieconomic and efficient manner.

OBJECTIVE

The project was designed with the objective of enpénting a DMA testing method that allowed for the

micromechanical characterization of six differemtef asphalt mixtures by measuring a fundamental
material property: G*. The specific objectives bdktstudy required the definition of a fine asphalt

mixture design method based on the experimenté&jn¢® aggregate sources and 3 asphalt types)dBase
on the previous, an experimental method for meagutihe mechanical response of the fine asphalt
mixture based on the Dynamic Mechanical AnalyzeMf) was developed. Finally, based on the

experimental results, master curves for G* basethersigmoidal, CA, and CAM general formulae using

Arrhenius and WLF adjustment factors were generated

MATERIALS USED IN THE STUDY

As part of the study, 2 aggregate sources of comuasenin Costa Rica were selected. Based on typical
project gradations for these sources and HMA mextgsign, the fine portion of the gradation (materi
passing the No. 50 sieve) was determined. Bothurestcorrespond to dense graded mixtures of 12.5
mm and 19.1 mm nominal maximum aggregate size, dierth referred to as Plant 1 and Plant 2
respectively.

As for the asphalt binders, 3 conditions of onereeiinder were selected: the binder in its neat
condition (PG64-22), and the same binder modifiét W.5% SBR and 1.5% ethylene copolymer (EC).
The modifier content was selected based on theabdrty of the asphalt mixtures and the typical algs
that is used in the Country.

EQUIPMENT DESCRIPTION
The mechanical dynamic analysis is a technique Idped to measure the viscoelastic response of

materials by means of static or dynamic loadinghla sense, the equipment differs from more tiaukt
testing where only the elastic response is evaluatel hence only an incomplete response of therialate
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is obtained when inelastic and viscous behaviostexThe DMA works mainly in the linear viscoelasti
range, and is therefore more sensitive to thermraterial response.

Dynamic loading tests based on the DMA are the mostmon and consist of the application of
a sinusoidal stress or strain, and the phase lageba the two factors. Based on the DMA Q800
equipment, parameters such as storage modulus,modslus, loss/storage compliance, phase angle,
complex shear modulus, dynamic or complex viscostiess, relaxation modulus, dynamic or static
load, temperature, time, frequency, displacememt stiffness can be measured.

For the current research project, the shear loatiode test was implemented. As part of the test
setup, two samples of equal dimensions and materglerties are placed between two fixed supports.
Between the two samples, a metal plate is usegdioerating shear (Figure 1). This testing moddasli
for materials such as gels, adhesives, resinsptat high viscosity compound$A Instruments, 2012)
Based on the loading mode, the samples to be dedluan have a maximum dimension of 10 mm in
length and width, and 4 mm in thickness.

Samples Shear Stress
—= o - | ] (] I
|:|:]- Tﬂ Fixed ~
‘:g I l [W . clamp

J J gl | Bl

| [ ] ‘ ||

< Moveable I P: f(y const)
clamp

Figure 1. DMA shear test equipment configuration.
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FINE ASPHALT MATRIX DESIGN

The estimation of the asphalt content for the &isphalt matrix required for DMA testing is basecdto®
methodology proposed by Hows@007) The methodology consists in calculating the theds of the
asphalt film that coats the granular material pkes, as a function of gradation, asphalt contérihe
HMA, and properties of the asphalt binder.

Table 1 shows the asphalt contents that were redjbiy the fine asphalt mixture associated to the
six experimental conditions that were tested inlaheratory.

Table 1. Mixture Types Evaluated by Means of DMA

Fine Asphalt Aggregate Asphalt
Matrig gé%ur?:e Asphalt Type Conrt)ent @
1 Plant 1 Neat binder 17.30 %
2 Plant 2 Neat binder 15.15%
3 Plant 1 Binder modified with 1.5% SBR 17.30 %
4 Plant 2 Binder modified with 1.5% SBR 15.15 %
5 Plant 1 Binder modified with 1.5% EC 17.30 %
6 Plant 2 Binder modified with 1.5% EC 15.15 %

W The estimated asphalt content corresponds to tleem@ge of binder that coats the material passing
the No. 50 sieve, with respect to the asphalt cdratesociated to the HMA design.

DESIGN AND PREPARATION OF DMA SAMPLES

For the DMA sample preparation, molds based orethgpment specifications were designed based on
the maximum dimensions that can be accommodatélaebtesting apparatus. The designed molds consist
of metallic sections that are clamped together bgms of screws, so that the retrieval of the sasripla
simple process.

The mixing and molding process considers sevevacepts introduced by Loria (2011) for
characterizing asphalt mortars. The implementedhottiogy uses a three step procedure, where #te fir
step consists of the material preparation phasepaeature of aggregate and asphalt binder is ragsed
150 °C (mixing temperature).

The second phase corresponds to the mixing prodessall metallic container is placed over a
Bunsen burner and the materials are placed anddmixgl a homogeneous mixture can be observed. It
was determined that the maximum mixing time camxoted 1 minute.

The third phase corresponds to the specimen ngpldimocess. The molds are heated to the
mixing temperature to ensure that the fine asphattix temperature does not drop at a high rate tda
significant temperature differential, resulting poor compaction. The molds are greased with a
Petroleum base grease prior to mixture placemefter Ahe mixture is placed in the molds, uniform
pressure is applied on the top face of the specibyemeans of a spatula. Finally, the samples are
removed from the molds and placed over a rigidi&yavoid any deflection in the material. The sksp
are placed in a zero humidity chamber at room teatpee until ready for testing.

Figure 2shows the process that was previously described.
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Figure 2. Sample preparation

Validation of the sample preparation procedure pexformed by means of scanning electron microscopy
(SEM) at the sample surface. FigureslBows some of the obtained resulise images allowed for
monitoring of the surface voids, and verificatidrttee randomness in their distribution. Furthermaine
samples were checked for homogeneity in all sarfagles and the possibility of failure planes (norezev
observed). Based on the previous, the samplesdeemed as suitable for testing one discarded.
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cortant-01 16.0KV 49.2mm x8 101302013 5.00mm cortant-04 15.0kV 42.5mm x12 4.00mm

Figure 3. SEM images of DMA sample surface

TEST METHOD DESCRIPTION

The type of test that was used to evaluate the Bidples in shear mode was a strain controlled multi
frequency analysis. The frequencies that were usélge testing procedure correspond to 0.1, 0.5, 1,
10, and 25 Hz, at the following temperatures: 4.0, 21.1, 37.8, and 54.5 °C. The testing pararseter

OCoOoO~NOUITWNE

19
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21

identical to those specified for HMA dynamic modutesting based on AASHTO TP 62.

The strain level was selected to ensure that tiplgaremained within the linear viscoelastic. For
determining an appropriate strain level, severahpdas were evaluated at different strain conditions
based on previous experience and equipment capé&gaitglly, based on the observed variability and
monitoring of the phase angles, a strain level .6fl% was selected. Figureshows a typical test
output at different temperature and frequency doortB. Based on the test setup, the testing time
is 112 minutes, accounting for five 12 minute pesioequired to adjust temperature and stabilize
the environmental chamber. The figure shows theeebgal decrease in modulus associated to

temperature increases and frequency reductions.
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Figure 4. DMA strain controlled multi-frequency shear teatput
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The selection of the required number of testindicap was determined by means of a statistical
procedure similar to Monte Carlo simulation and ktéar chains. The process consisted in recording the
variation results based on monitoring of the meeh standard deviations of the measured responde, an
randomly combining different samples for a givempke sizesrf). Consequently, a total of 120 random
combinations of 3, 4, 5, 6, and 7 replicas werduatad. Figure 5 shows the variability associated t
standard deviation of the measured propertiesiffardnt sample sizes.

15 2.0 2.5 3.0 3.5 4.0

Standard Deviation

n=5 n=6

Figure 5. Variability associated to standard deviation @ theasured properties for different sample
sizes

- - -n=4

The least efficient sample size (higher variabjliigcurred for a sample sizemf 4: higher data
spread (thicker distribution tails). For a sampie ©fn = 5 andn = 6, the spread of the data was similar.
Consequently, a sample sizenof 5 was considered optimal to ensure repeatalnilitgst results.

Once the required sample size was defined, a satysénalysis of the results was performed to
account for the error associated to heterogenaitylving specimen preparation. The analysis wasdas
on the Mellin transformation, which applies for &tions that are defined for positive numbers oalyjs
the case of the elastic component of shear modBResed on this uncertainty analysis, the most fieba
variability associated to the modulus was estimatedsidering the intrinsic heterogeneity relatedhie
parameters that are involved in the estimatiomefrhodulus: specimen dimensions and sample st#fnes

The Mellin transformation considers the probabdististribution of the independent variables
associated to the modulus and assigns to eachmsfdrenation function. The most likely variabilitg i
calculated based on the product of the individuallid transformation functions for each independent

factor(Mays, 1999)Based on this criteria, the modulus can be esprkas:
_ 3Kkt
~ swh

Mg = (3/5)°"* Mk (s)M(s)My, (2 — s)Mp(2 — 5)

[Ec. 1]
[Ec. 2]

whereM;, Mg, My, M,,,and M, correspond to the Mellin transformations for modulstiffness, sample
thickness, width, and length. The transformed fionst are then evaluated in models associated to the
probability distribution of each factor.

Finally, based on the previous analysis an estinstEndard deviation of 0.6 MPa for the storage
modulus can be expected. Furthermore, becausestteug component for the shear complex modulus as
measured by the DMA is in the range of an ordenafinitude below that of the elastic componens it i
realistic to assume that an uncertainty of 0.6 N4Ralequate for G*.
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ANALYSIS AND RESULTS

The individual shear tests were analyzed to vetify variability of the samples. Figure 6 shows the
relationship between dynamic modulus and frequendalifferent temperatures in linear and logarithmic
scales, as well as the Black diagram and the Cole-@lot for a specific sample. In order to verife
validity of the G* measurements, the data was aealyfor linearity and parallel tendency of the iesm
curves shown in Figure 6 a. and b. The observedwehreveals adequate material performance, and
hence validates the testing procedure

The Black diagram (Figure 6 c.) provides informoation the material behavior, and suggests
whether the fine asphalt matrix behaves as an Hdpihder or as an asphalt mixture. The hypothissis
based on the fact that for an asphalt binder tles@langle increases as temperature increases,famhile
asphalt mixes the phase angle increases with tetoyperup to a given point and then drgpsllenin et
al., 2002) The obtained results indicate an increase irpttese angle from -10 °C up to 21.1 °C, and a
decrease from 37.8 °C onward, indicating a respsimsidar to that of an asphalt mixture.
The Cole-Cole plot (Figure 6 d.) allows materiahlgsis at low and intermediate temperatyfsllenin
et al., 2002) Adequate fit in the plot translates to a thermostbgical simple material, and consequently
justifies the application of time-temperature sposition (thermo-rheological simplicity is depentlen
and strongly correlated to the bitumen composititins important to note that higher correlationsre
observed when comparing neat the binders to thefled@sphalt binders.

a g 160 b - 1000
140 o
2 =
;s :
S 100 =
g 8 — S e & a8
S 60 E
% 40 %
S 20 g
& 0 A 10
0 10 20 30 0.1 1 10
Frequency (Hz) Frequency (Hz)
¢ 8 d 10
7 Rz =0.935 § R2=0.91
2 6 s ®
D 5 0 |
c S 6
< 4 > 5 ' .......
§ 3 ."'... "., -é 4 p', _-.--q_
1 o 9
0 0
20 0 50 100 150
Dynamic Modulus (MPa) Storage Modulus (MPa)
=T=-10.0°C T=4.4°C ET=21.1°C T=37.8°C T=54.4°C

Figure 6. Fine asphalt mixture results.
(a and b) Isotherms (c) Black Space Diagram an€@ig-Cole Plot
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Coefficients of variation (CV) for all mixtures werobtained and in all cases showed values
below 15%. As expected, lower CVs were associaiddwer temperatures and high frequencies, while
higher CV values to higher temperatures and lowueacies. Consequently, several observations at 0.1
Hz and 54.5 °C had to be discarded because ofvgigability. Finally, considering a typical varidiby
associated with rheological tests of 20%, the tpalithe data was acceptable.

Calibration of the 2S52P1D Model

Based on the DMA shear test results, the paramfdieis mechanical model were calibrated in
order to evaluate the test results based on fundamproperties of the asphalt binder and the dspha
mixture. The calibrated model represents the 2S2Rabel (abbreviation for 2 springs, 2 parabolicpre
type elements, and 1 dashpot model), based onedherglization of the Huet - Sayegh model. Table 2
shows the calibrated model parameters for thersakyaed fine asphalt mixtures. The h, k,, &, andn,
are parameters associated with: two parabolic ced@ments, two springs and a dashpot, respectively
(Figure 3.

GD ‘Go

Goé
K

:
-

Figure 7.2S2P1D model

i

Table 2.2S52P1D Model Parameters

':”,‘Ve”)ﬁjfga't Gw (MPa) G, (MPa) Kk h « B t  SelSy R
1 162.953 46374 017 048 345 798 1261 0046 0.998
2 154709  50.184 019 043 371 729 1061 0.049 0.998
3 163.428 48991 019 051 794 202 777.7B088 0.994
4 178.923 52148 0.6 050 298 222 640 0.075 0.996
5 164.414 50106 019 068 850 202 902.1M087 0.995
6 169.861 58544 017 062 312 209 12.80 0.079 0.996

As can be observed from the table, k values inréimge of 0.16 - 0.19 were obtained, while h
values ranged between 0.43 and 0.68, indicating@ease in the k value with respect to an incréase
mixture stiffness. The fine asphalt matrices cavitgj neat binders, and lower stiffness than their
modified counterparts, are associated to the lofvgatues. The previous is expected since the pasmmet
is directly related to binder stiffness. Furthermyatue to the thermo-rheological complex behavia g
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parameter serves as an indicator of testing acguhathe current study highervalues were associated
to the mixtures containing modified asphalt binders

In general, the goodness of fit indicators assedidb the calibrated models are high with R
values above 99% and Se/Sy relations below 0.08lfoasegTran, 2005).

MASTER CURVE ESTIMATION

Master curves for all fine asphalt mixtures using ieneral Sigmoidal, CA (Christensen-Anderson) and
CAM (Christensen-Anderson-Marasteanu) model eqosafiand applying the Arrhenius and WLF
(William-Landel-Ferry) shift factors (Figure 8) weedeveloped. Figure 8 shows a fine asphalt mixture
master curve calibrated based on the general SitghaoCA, and CAM models using Arrhenius shift
factors. Based on the results, the Sigmoidal foncfirovided the best fit for all evaluated fine fzedp
mixtures. Figure 8 a. shows a smooth S curve, aittSe/Sy ratio below 0,05, an R2 of 0,99 with an
associated error of 0,2 %.

In general, all master curves calibrated based hen general Sigmoidal model showed an
excellent fit regardless of the selected shift daqi¥ values between 97% and 99%). The previous
observation corroborates the conclusion based @Blidck diagram which indicated that the fine afipha
matrices show behavior similar to that of the aliphixture.

In the case of the master curves calibrated basetiedCA model (Figure 8 b.), high? Ralues
were also identified (R> 92 % with 1% errors). As for the master curvetineated based on the CAM
model, linear trends were observed (Figure 8 mj aonsequently the model is not considered
appropriate for the data.

Based on the fit associated to the different mqodsggificant differences were identified in the
predicted tails. As observed, the predicted modofuke fine asphalt matrices is relatively low daghe
stiffness associated to the fine aggregate mingtraicture in comparison to that of the complete
gradation. Furthermore, the high asphalt bindertertnassociated to the fine asphalt matrix regaolts
lower stability and higher flexibility.

The analyzed material showed behavior that is amtd that of conventional asphalt mixtures.
However, the previous tend to develop stiffnesthanorder ofl x 101° Pa, while the results measured
based on the DMA tests on the fine asphalt mixtuessilted in moduli in the order dfx 108 Pa.
Consequently, the fine asphalt mixtures exhibiermtediate modulus values between those observed in
asphalt mixtures and those associated to the dadpihdler, presenting a difficulty in the mastervaur
construction.
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Figure 8. Master curves using Ahrrenius shift factors based. Sigmoidal model, b. CA model and c.
CAM model

It is important to note that generally, linearcdslastic behavior occurs between the glassy
transition state (in the case of asphalt matestlgs at -20°C). In the case of the evaluated dsEhalt
mixtures the glassy transition starts at -10 °@uFeé 8 a.). Additionally, the Newtonian liquid gtatan
be expected to occur above 54.4 °C (Figure 8 adeneral, asphalt binders show this transition at
approximately 70 °C). These material properties lsarassociated with low temperature cracking and
rutting respectively.

A comparison between the observed modulus forstkedifferent fine asphalt mixtures was
performed. Based on the aggregate source, no isgmifdifferences in the material modulus were
observed. However, based on the binder type, stffdifferences ranged from 3% at low temperatores
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18% at high temperatures. Figures®ows the G* values for the different binders. Higher stiffness
values are associated to the fine asphalt mixusesy EC modified asphalt.
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Figure 9. Fine asphalt mixtures G* comparison

SUMMARY AND CONCLUSIONS

The implementation of a DMA test under shear logdimode allowed for laboratory characterization of
fine asphalt mixtures based on the material resptmslynamic shear loads. The following are thenmai
findings associated to research project:

DMA complex shear modulus values based on thenggstnfiguration ranged from 40 to 170
MPa, with the higher stiffness associated to medifisphalt binders.

The material behavior of the fine asphalt mixturesembles that of the asphalt mixtures, based
on the phase angle behavior observed on the Biagkain.

A sensitivity analysis indicated that the most @iole standard deviation associated to the
complex modulus based on the uncertainty of tegiargmeters such as sample dimensions and
material heterogeneity is in the order of 0.60 MPhe previous implies that 97.5 % of all
measurements can have an associated error betvi8érafid 3% due to sample preparation and
material heterogeneity.

As the analyzed material mostly behaves as a thenewmogical complex material, the
Sigmoidal general model resulted in the best fitf@aster curve development, with fine asphalt
matrix stiffness values between those associata @sphalt mixture and those expected of the
asphalt binder.

No significant differences in material responseenidentified for the fine asphalt mixtures using
asphalt binder modified with SBR and EC, at 1.5%cemtrations.

Based on the experience developed as part of thjegbr and the success in implementing the DMA
testing methodology, further research is recommeénevalidate the results obtained based on the
proposed method. Finally, the effects associatecthémges in the sample geometry, loading ranges and
subsequently loading modes need to be further melseé Towards this goal, testing based on
compression, tension and bending modes is currbathg implemented.



O©CooO~NOoOUITAhWNE

F. Miranda-Arguello, L. Loria-Salazar, J. Aguiar-iig P. Leiva-Padilla 15

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

American Association of State Highway and Transgarh Officials. Guide for Design of
Pavement Structures. 2002.

Caro, S. Modelo micromecénico de fractura para tificar moisture damage usando ensayos
reologicos y DMA. University of Costa Rica. SepteanB013.

Daly, W. The Use of DMA to Characterize the Aging d@sphalt Binders. 2010.
www.ltrc.Isu.edu/publications.html, Accessed MaP€ 3.

Elizondo, F., & Badilla, G. (2006). Caracterizacidel modulo dinamico de mezclas asfalticas
para el disefio mecanistico-empirico de pavimenitosaestructura Vial Digital National
Laboratory of Materials and Structural Models. Uity of Costa Rica.
http://www.lanamme.ucr.ac.cr/riv/index.php?optioart content&view=article&id=242&Itemi
d=282, Accessed March 2013.

Elizondo, F., & Badilla, G. (2008). Prediccion deddmlos resilientes en mezclas asfalticas
mediante el modelo de Witczalkfraestructura Vial Digital National Laboratory of Materials
and Structural Models. University of Costa Rica.
http://www.lanamme.ucr.ac.cr/riv/index.php?optioart content&view=article&id=259&Itemi
d=298, Accessed March 2013.

Elizondo, F. y Salazar, J. Caracterizacion de tsfamodificados con diferentes aditivos.
Ingenieria 20 (1 y 2): 81-92, ISSN: 1409-2441; 2018an José, Costa Rica.
http://www.latindex.ucr.ac.cr/ingenieria-20/ingemde20-1-2-06.pdf, Accessed January 2014.
Garcia G., y Thompson M. HMA Dynamic Modulus Prégie Models. lllinois Center for
Transportation. ISSN: 0197-9191. 2007

Garcia, J. C. Viscoelasticidad lineal. University Alicante. Department of Chemical
Engineering. Spain. 2008. http://rua.ua.es/dspéstbam/10045/3624/1/tema3RUA.pdf,
Accessed November 2013.

Howson, J., Masad, E. A., Bhasin, A., Castelo,Afambula, E., Lytton, R, and Little, D. System
for the Evaluation of Moisture Damage Using Fundatale Material Properties. Report
FHWA/TX-07/0-4524-1. Texas, 2007.

Leiva, P. Herramienta de célculo de la curva maedt moédulo dinamico. Laboratory of
Materials and Structural Models. University of GodRica. Report LM-PI-UMP-017. 2013
http://www.lanamme.ucr.ac.cr/templates/universitgges/herramienta-de-calculo.pdf, Accessed
February 2014.

Loria, L. G. Evaluation of New and Existing Testthiteds to Assess Recycled Asphalt Pavement
Properties for Mix Design. Graduation project talify for the degree of Doctor of Philosophy,
University of Nevada, Reno. 2011

Lytton R., L., Masad E., A., Zollinger C., Bulut ,Rand Little D. Measurements Of Surface
Energy And Its Relationship To Moisture Damage. ®#epHWA/TX-05/0-4524-2. Texas, 2005.
Masad E., Tashman L., Somedavan N., and Little Dcrdiechanics-Based Analysis of
Stiffness Anisotropy in Asphalt Mixtures. lournal of Materials in Civil Engineerindl4(5),
374-383, America Society of Civil Engineers.
http://ascelibrary.org/doi/abs/10.1061/(ASCE)08%®1(2002)14%3A5(374) Accessed May
2013.

Mays, L., W. (1999) Hydraulic Design Handbook. Depeent of Civil and Environmental
Engineering. McGraw-Hill Professional.

Yusoff N. I Md., Mounier D., Ginoux M., Hainin.RGordon D., Di Benedetto H. Modelling
the rheological properties of bituminous bindersngsthe 2S2P1D Model. Construction and
Building Materials. 2013

Pellenin, T., Witczak M. W., y Bonaquist, R. (2002flaster Curve Construction Using
Sigmoidal Fitting Function with No Linear Least Sges Optimization Technique. Proceedings



Ooo~NOoOUTR~,WNE

F. Miranda-Arguello, L. Loria-Salazar, J. Aguiar-iig P. Leiva-Padilla 16

17.

18.

19.

20.

21.

22.

23.

of the 18' ASCE Engineering Mechanics Division ConferenceluBia University, New York,
2002.

Pineda, N. Microscopia Electronica de Barrido. @entle Investigacion en Materiales
Avanzados. http://mty.cimav.edu.mx/sem/, Accessetbiaer 2013

Sousa P., Kassem E., Masad E., and Little D. NesigdeMethod Of Fine Aggregates Mixtures
And Automated Method For Analysis Of Dynamic Mecicah Characterization Data.
Transportation Research Board 90th Annual Meeliashington, D.C., 2011.

TA Instruments. TA Instruments Dynamic Mechanical nalyzer, 2010.
http://www.tainstruments.com/pdf/literature/TA28df pAccessed September 2012.

Tran NH, Hall KD. Evaluating the predictive equatim determining dynamic moduli of asphalt
mixtures used in Arkansas. Electron J Assoc Aspbeling Technol 2005.

Ulloa, A., Elizondo, F. y Badilla, G. Médulos de nota asfaltica. Subprograma de Investigacion
en Infraestructura Vial. National Laboratory of Madls and Structural Models. University of
Costa Rica, 2007. http://www.asamblea.go.cr/Lana®gJCR/Informes%202007/2007/UI-
03-07%20MODULOS%20DE%20MEZCLA%20ASFALTICA.pdf, Accsed July 2013.

Witczak, M. W. y Bari, J. Development Of A Masteur@e (E*) DatabaseFor Lime Modified
Asphaltic Mixtures. Arizona State University Res#arProject. Department of Civil and
Environmental Engineering. 2004.

Woldekidan M. F., Huurman M., and Pronk A. C. Linead Nonlinear Viscoelastic Analysis of
Bituminous Mortar. InTransportation Research Record: Journal of the Spotation Research
Board No. 2370, Transportation Research Board of thitoNal Academies, Washington, D.C.,
2013.



