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Summary

Asphalt binders are rheologicaly complex materiakt exhibit viscous flow, elastic
recovery and or plastic deformations at variousptematures. Because of its viscoelastic
nature, asphalt behavior depends on both temperatond time of loading, these two are
related. The behavior at high temperature overaat gferiod is equivalent to what occurs at
lower temperatures over long durations. This igrofteferred as time-temperature shift or
superposition concept of asphalt. Unfortunatelyivensal constitutive equations have not
been developed yet for these materials. Rheologieatription of asphalt binders is rather
empirical and is more less based on extensive raktesting, providing hypothesis applied
in practice. North American Performance Grade (R@¢cifications are introduced and
posibility of the 2nd and the 3rd generation ofdpian standards are discussed.
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1. Introduction

It is necessary to introduce new, more exact tdéstsed on better understanding of
asphalt rheological properties as well as thezatiion of modern equipment. Even though the
new specifications are called performance relabetly further development and correlation
with the performance of pavements, built by usimgse specifications will make them really
“performance related”. Because the pavement quadditgely, depends on the properties and
guality of asphalt, it is necessary to control lingroperties as well. The important asphalt
properties can be divided as follows:

. mechanical properties
. adhesive properties
. durability

In this presentation, the attention is given t® tiechanical properties only. There are
indications that paving mixes relates to the meahmproperties of asphalt binder. From the
conditions of asphalts in paving mixes the speaiion requirements can be derived. Many
conventional methods of the characterization ofhakp such as determination of the
softening point temperature, penetration measuresnand ductility test are not acceptable
for a rational characterization of viscoelastic &abr. They are either completely empirical
or do not provide information on the time depen@ent asphalt properties. Therefore, by
using these tests one is not able to model or ledécthe stress and strain fields.

Mentioned asphalt specifications have undergomsiderable development in past 15
years. However, the relationship between the &sstlts and the performance of asphalt in the
pavement is still in the process of investigatiand mostly through the experience of the
asphalt technologist. The temperature suscepyibidit described quite insufficiently. For
instance, up to late eighties, the lowest tes@mgperature in binder specifications was’@5
in some cases C, in the U.S.. The performance of the same asghatte varied because
gradation system based on viscosity and penetratias not able to revealed all the
differences. Current situation was even worseniity the increasing usage of modifiers in
North America dated in late 80’s. The specificasidrecome obsolete and “new” Strategic
Highway Research Program (SHRP) came in to use. ihtent of developing new
classification was to characterize asphalts byr theiformance on the road and during their
lifetimes. Superpave with its PG grading system waseloped as a part of the SHRP
program. In order to better characterize matersadd thanks to new methods of asphalt
testing, PG system is continuously revised.

Asphalt properties are changing during the timee &gphalt binder characteristics are
different from storage-transportation, applicatiand or maintenance. Each stage is as
important as others, moreover, all have differeednds and priorities on asphalt binder
behavior.

Asphalt binder has to be in liquid stage, during $itorage and transportation. Good
workability is essential for easier pumping anddieng and can be achieved by the sufficient
viscosity of the material. On the other hand, birtues to be stable with the minimum amount
of segregation, for a period during the storagehadt binder is heated to high temperatures
during mixing with aggregates. Therefore, tempesgusceptibility has to be taken into the
consideration. Main purpose of the binder in adphak is to hold aggregates of different
sizes and types together. It is important, thapaitticles are properly covered by asphalt film



and created a good adhesion between binder an@gaigr Overall, constructed pavement
has to perform at given conditions, which are deieed by temperature, traffic and other
climatic conditions. Certain failures as fatiguelaarmal temperature cracking occur during
the lifetime of the pavements. The asphalt agingperation of the lighter oils and or

chemical changes in asphalt binder itself, may agae these errors.

2. Superpave Asphalt Binder Specification

Both American Association of State Highway and Bortation Officials
(AASHTO) and American Society for Testing and Matlsr (ASTM) agencies are currently
evaluating the Superpave binder specification dral test methods used to characterize
asphalt in it. Requirements are introduced in Caraadl in the United States; implementation
is coordinated by the U.S. Federal Highway Admmaitsbn (FHWA), supported by User —
Producer groups. The emphasis is given to theioalaf tests; specification highlights such
tests, which measure physical properties that earelated directly to the field performance.
Tests are conducted at temperatures, which areuatered by in-service pavements. Several
tests, as Table 1 shows, were adopted, improvedeweloped in order to fulfil SHRP
specification.

Table 1. SHRP tests methods and characteristic.

SHRP Test Purpose
Rolling Thin Film Oven (RTFO) testto replicate conditions during the
asphalt production and storage
to simulate aging during the
service life
to measure binder properties |at
Dynamic Shear Rheometer (DSR) high and intermediate service
temperatures
to measure binder properties 1
Rotational Viscometer (RV) technological purposes (mixing,
construction)
to measure binder properties |at
low service temperatures
to measure binder at low service
temperatures

Pressure Aging Vessel (PAV)

Bending Beam Rheometer (BBR)

Direct Tension Test (DTT)




2.1. Superpave Binder Aging Procedures

Asphalt binder ages primarily due to two differeméchanisms: volatilization of light
oils present in the asphalt and oxidation by regctvith the oxygen in the environment.
Superpave employs RTFO procedure to simulate ¢inie bf aging. After asphalt pavement is
constructed, aging continues, but the oxidation hmaesm dominates because of the
relatively moderate temperatures of the environméné Superpave specification uses PAV
procedure to stimulate this in-service aging.

Rolling Thin Film Oven test

The RTFO procedure can be found in AASHTO as T@dh ASTM under D2872.
RTFO test simulates chemical changes during théntdogical phase — mixing with
aggregate, paving and storing the asphalt mix. mieéhod serves two purposes, one is to
provide an aged asphalt binder that can be usefifibver testing of physical properties. The
second is to determine the mass quantity of veklibst from the asphalt during the process.
Maximum mass loss requirement is specified to guayainst using an asphalt binder that
would age excessively from volatilization during naixing and construction. The maximum
mass loss requirement is calculated. The massftosany grade must not exceed 1.00
percent.

Pressure Aging Vessel

AASHTO PP1 and ASTM D6521 refer to Pressure Agiregdél. It should be noted
that binder samples aged in PAV have already bged hy the RTFO. Consequently, PAV
residue represents binder that has been exposall & the environmental conditions to
which binders are subjected during production ardise. The PAV apparatus consists of the
pressurized metal drum and a forced draft ovenphassure provided by a cylinder of clean,
dry compressed air with a pressure regulator, selealve, and a slow-release bleed valve.
The pressure vessel is designed to operate underédssure and temperature conditions of
the test (2070 kPa and eitherr9Q0C, or 110C). The vessel must accommodate at least 10
sample pans in a sample rack. The PAV exposesitideroto high pressure and temperature
for 20 hours to simulate the effect of long ternmgg

2.2.Superpave principle

The Superpave asphalt binder specification is de#dnto improve performance by
limiting the potential for the asphalt binder tantidbute toward permanent deformation, low
temperature cracking and fatigue cracking in aggalements. Three main causes of errors
are derived from the material behavior at high,ermediate and low temperatures
respectively. One of the older specifications addgiy Superpave are pumping and handling
of asphalt and safety during the production. THeong section describes each specified
characteristic, in order in which they appear & specification.



Permanent Deformation

The total response of asphalt binders to load st;12f the elastic and viscous
components. Pavement rutting or permanent defoomas accumulation of the viscous
component of the responses to load repetitions Ignain high service temperature. The

Superpave specification defines and places regemé&ron a rutting factq(;* /sind, which

represents a measure of the high temperature esgfior rutting resistance of the asphalt
binder.

Sample is tested in dynamic shear mode, platete geometry. Testing procedure is
described in AASHTO TP5 or ASTM under P246. Twoesiof plates are being used
according to different testing temperatures (4 <C$0 Sinusoidal oscillatory loading is

applied to the specimen at frequency 10 rad/s. ronmee rutting, ‘G*‘/sind must have a
minimum value of 1.00 kPa for the original asphuatider and 2.20 kPa for the aged binder.

Fatigue Cracking

[0G*[Cand & parameters are also used in specification to befgrol the fatigue of
asphalt pavements. Since fatigue generally ocdursaglerate pavement temperatures after
the pavement has been in service for a period noé,tithe specification addresses these
properties using binder aged in both the RTFO aA¥.PThe DSR is used to generate
00G*Cand 6. The fatigue cracking factor i8IG*[sind. Low values of 0G*[Jand & are
considered desirable attributes from the standmdirgsistance to fatigue cracking.

The theory of Superpave predicts asphalt bindeguatcracking when sample reaches
maximum of 5000 kPa fdriG*[sind in DSR at given temperature. ASTM records tharngst
procedure under the code P246.

Low temperature cracking

When the pavement temperature decreases asphaltet®rshrinks. Since friction
against the lower pavement layers inhibits movemensile stresses builds up in the
pavement. When these stresses exceed the tenslegtht of the asphalt mix, a low
temperature crack occurs. Superpave low temperatuestigation can be measured at two
different apparatuses. Both tests give criticalgeratures at which asphalt binder cracks on
the road.

Procedure for Bending beam rheometer is recordel@ruAASTHO TP1 or ASTM
P245. This method uses thin asphalt beams in a ffomt loading test. The BBR is used to
apply a small creep load to a binder beam speciamehmeasure the creep stiffness. If the
creep stiffness is too high, the asphalt will behava brittle manner, and cracking is more
likely to occur. To prevent this cracking, creeffis¢ss has a maximum limit of 300 MPa. A
high m-value, which represents the slope of thiénss curve, is desirable because as the
temperature decreases and pavement contractionsbigoccur the binder will respond as a
material that is less stiff. A minimum m-value 0800 after 60 seconds of loading is required
by the Superpave binder specification. Direct t@mgest used to serve as a complimentary



test, for low temperature properties up to mid 9@'svas recommended to use DTT if the
BBR stiffness of the measured sample stays bet@@@rand 600 MPa. During the past three
years, improvements in the test method contribmtarge spread of DTT among agencies.

2.3. Asphalt Binder Grade Selection

Performance graded binders are selected baseckarlitiate in which the pavement
will serve. It is assumed, that the physical propeequirements are constant among all
binder grades. The distinction among the variousidr grades is specified as minimum and
maximum temperatures at which the requirements rbasiet. Table 2 lists the current
binder grades in AASHTO.

Table 2 Superpave Binder Grades
High Temperature Grade¥)) | Low Temperature GradeQ)
PG 46 -34, -40, -46
PG 52 -10, -16, -22, -28, -34, -40, -46
PG 58 -16, -22, -28, -34, -40
PG 64 -10, -16, -22, -28, -34, -40
PG 70 -10, -16, -22, -28, -34, -40
PG 76 -10, -16, -22, -28, -34
PG 82 -10, -16, -22, -28, -34

The Superpave binder selection is the basic proeefbr typical pavement loading
conditions. Thanks to Superpave, transportatiomege have a great opportunity to choose
their own grade according to local needs as traffitnate or financial availability. It is
proposed that slow transient and standing loadi@imns higher maximum temperature
grades should be used. For slow moving design Jdhdsbinder should be selected one high
temperature grade to the right (such as a PG @dad<f a PG 58). For standing loads, the
binder should be selected two high temperaturésetoight.

3. Viscoelastic behavior

Material which is not quite liquid nor behaves asetastic body may exhibit behavior
which combines liquid like and solid like charact#dcs. During the sinusoidally oscillating
strain experiments, the stress is neither in pkhaiethe strain, what elastic theory predicts,
nor 90 out of phase as in viscous liquid. Therefore, teories, with idealized materials
combined together create a new hypothesis calszbglastic. Most materials exhibits linear



or nearly linear behavior under small stress lewelisle the same material may have a
nonlinear behavior at high stress levels.

The material is said to be linearly viscoelastisirusoidal input has to give the
sinusoidal output. Stress is proportional to straingiven time and linear superposition

principle holds.

3.1. Oscillatory shear

Because of the nature of our materials, it is thellatory shear, which is the most
common method how to measure moduli at varietyooid@tions. Temperatures, frequencies
and strain, mostly influence behavior of asphaftders and tests conducted in oscillatory
shear fully meets given requirements.

The strain and stress are functions of time antethee connected by a constitutive
equation , where the linear viscoelastic matesaini the simple shear , the constitutive
eqguation has the form :

a2(t)= [t -t)alt b

where y,,is the shear rateG(t -t') is the relaxation modulus and time goes from

— oo up to the present time
According to the linear viscoelastic theory, whentlhe sample subjected to the

sinusoidal shear strajt), which is defined by angular frequenayand small amplitudg,

the stress will exhibit the same, but out of phasmisoidal pattern as applied strain as
depicted in figure 1.

Figure 1. Sinusoidal stress response to the dieappinusoidal strain

applied strain

™, resultant stress

time




The situation portrayed in the figure 1 can be dked as follows:

For strainy{t) = y,sin(at)  and rate of strairy(t’) = wy, cosat’

After the substitution we received

o,(t) = o,(t) = yo[wZG(t)sin(aI)dt}sinax + y{wZG(t)cosaxdt} cosat

The integrals in the brackets are functions of desgpy only, thus equation can be
rewritten as:

01,(t) = 04(t) = 1, (G sin(at) + G"codat))

where G',G"are the shear storage and the shear loss modudi.ndme ofG' is

derivative form the energy storage and releasenduhe oscillatory deformation. The loss
modulus G 'is associated with the dissipation and energy &ssa heat during the cycling.
Using the trigonometric relationships, equation barwritten as:

0y, = 0, = 0, sin(at + J) = 0, cosdsinat + o, sind cosat

Here, o,(w) is the stress amplitude anm{w) is the phase angle between stress and
strain. By comparison, one obtains:

G'=(0,/o)c080

G"=(o,/y,)sind

G"/G'=tand

The modulus can be expressed in the complex form:
G* =G+iG"

G* =[G*e”

G*=0a,/y,=VG?+G"?
6*=0u/vo =+

Analogically, oscillatory experiments can be expegs in terms of a complex
compliance. Relation between complex modulus amdptex compliance is straight forward.
Compliance expresses strain — stress ratio, tre¥sewalue to the modulus.

3 =1G* = J+J"
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where J 'is the storage and losk cdmpliance

Various relationships between dynamic functionstians obtained:

SO N ()
J?+J"%  1+tar?d
G”: 12'J n2 = ]/J -1

3437 "1+ fart )
| Gl — l/GI
J'= 2 2 = 2

G“+G" l+tar<o
n G 1G

s 1+ (tan2 5)_1

3.2. Time temperature superposition principle

All commercial rheometers can measure dynamicoeisstic functions in a limited
frequency region, which usually does not exceedetltecades for given temperature. It is
obvious from previous chapters that asphalt birader asphalt concrete are subjected to wide
range of frequencies. The principle of time tempemsuperposition (TTS) is well known for
decades in polymer industry and provides us witbravenient way of extending the range of
measured data. The procedure for the time-temperatyerposition is straight forward. For
high molecular weight materials such as asphatidsthe molecular structure freeze in and
the molecular motion slows down. This stage is datiéass transition temperaturg. TA
series of oscillation experiments is performed a@reral decades of frequency at different
temperatures above 4 Tof the material. The moduli are plotted againstqdiency on
logarithmic axes. An arbitrary temperature, usutily one near the centre of the temperature
range, is selected as a referencgy)(TThe data for the next highest temperature are the
shifted to lower frequencies by a factor, aintil there is correspondence between the
overlapping regions of these and the referenceecuilie process is repeated for each higher
temperature in turn. Lower temperature data ardasiybrought onto the reference curve by
shifting to higher frequencies. Simultaneously, horizontal shift is applied. The shift
represents volume changes and can be measurednbitodeeter. The resulting plots of
modulus againstra are referred to as master curves of different ripBigure 2; where aw
is known as the reduced frequency. The loss anaggomoduli (G’, G”) and their ratio
(tand), can all be shifted, by the same shifting fadimr must superpose all viscoelastic
functions).
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Figure 2 Schematically depicted time temperasuggerposition principle
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References using TTS for asphalt binders are daiekl to late sixties and seventies
[1], but it was Goodrich [2], who popularized tgethod ten years later in North America.
Since then, the idea of shifting of viscoelastindtions (e.g. G’, G”) and its time/frequency
dependency was adopted by many asphalt scierftststhers [3] the Black diagram is more
acceptable. Materials, which obey the principleTd®S are said to be thermorheologically
simple. TTS theory was found valid for most polymariaterials many examples are given
by Ferry [4]. It has been shown that asphalt bisdelilow TTS principle as well.

In this presentation, data obtained by oscillati@sdifferent temperatures and
frequencies, are used. The method shows the pagsibikhift any dynamic mechanical data
(e.g. G’, G”) in a frequency/temperature domain.

3.3.The relaxation and retardation spectra

Theoretically, any transient viscoelastic data ot@diby TTS can be expressed by
discrete relaxation time spectrum. It allows pradic of linear stress responses and
calculation of other viscoelastic functions as Gif}), etc. . For infinite number of Maxwell
elements, the discrete spectrum can be convertemldantinuous relaxation spectrum Hy,
which can be defined on the inter\{aI,A + d)I} [5,6]. Equation can be written as:

G(t)=G, + [He dInA

where, G, is the equilibrium modulus (or plateau modulus)\iscoelastic solid. For
viscous liquids,G, approaches zero value.

The easiest way, how to determine the relaxati@ttspm is to measure storage G’
and loss G” moduli. The discrete relaxation timectum (g, Aj) with i = 1,2,3..n
approximates the dynamic moduli, G' and G".

12



G'(w)=G, I;lg|1_|_(w)]_)z
G*(e)= ég, 1+C((j)i4. )3

Baumgartel and Winter have developed a robust noatemethod which converts
dynamic mechanical data from the frequency to itne tdomain and calculates the discrete
spectrum. The advantage is in simultaneous fittilgGd and G” during the spectra
calculations.

4. Results

Following graphs show results based on the thdesgcribed in chapter 3. Dynamic
data of asphalt binder are being plotted againdtaed frequency and master curve of
original measured data is created at referencedmnpe Te. of zero degrees Celsius, figure
3. This would provide material characteristic intfasquency rage of 13 orders magnitude.

Figure 3. Master Curve of Asphalt Binder
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In order to shift each recorded data set in tads@red position, vertical and horizontal shit is
also plotted, figure 4. Using the relaxation agthrdation spectra calculation, compliance
J(t), figure 5, and relaxation modulus G(t) carchkeulated with respect to time.
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Figure 4.
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5. Conclusions

In order to be able to characterise the performari@n asphalt concrete, one should

start from asphalt binder :

parameters currently used thresholt*c;fsts/sina'and [0G*Osind should be

reevaluated,

list of relevant test methods to quantify the perfance characteristics should be
introduced,

performance characteristics, a procedure descibeldapters 3 and 4 gives

important material characterization, with the pttdrof better time — temperature
prediction

additional (new) test methods as creep , repeasp@tc. may be necessary to better
characterize bituminous materials,

it is believed that low temperature characterigfiasphalt binders should be
evaluated on asphalt concretes.

Next to this the asphalt industry also would likehave other/additional tests to prove

the behaviour of Long Life Asphalt; e.g. testsifsrageing performance and its durability. A
set of sophisticated performance tests is needdtidchigh performance mixes. With the new
techniques they can improve their product by bettaterial characterization.
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