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1. Introduction

The aim of the Pooled fund 00924-20 project $ to provide essential information &tate
Department of TransportatieifDOT) for five partner state agenci@d/isconsin, Ohio, Kansas
Idahoand Coloradpto supporevaluation andtandardization of PG plus specifications. Each PG

plus testwas critically examined for testing variability and correlation to actual mechanical
behavior and field performance of asphalt materials. Based on needs and goals of each partner
DOT, the main objectives of the proposed pooled fund research include:

1. Perform detailedassessment of current PG+ and modified binder quality control
procedures in partnering states in terms of reliability, applicability, and relevance to
performance and quality of modified asphalt binders.

2. Use a range of modified binders, representativehefgroducts currently specified by
partner states, to develop unified test procedures and specification criteria based on
products placed in the field.

3. Improve product quality and reliability throughggedness studies and development of
precision and lais statements for selected tests.

4. Introduce consistency to current products supplied by elimination or reduction of
differences in modified binder acceptance tests and criteria throughout member states.

5. Validate and establish relevance of suggested P@quaality control procedures in terms
of mixture performance.

To meet the aforementioned objectives, the project was broken down into the four pviarkry
Areas. After completion of each work area, MARC researclaes expected tproduce task
reports thadocument the work performed in the respective work area.

This documents a task report thdulfills objectivesin Area #1 of the work planBased on
the description oArea #1, the reporis organizednto two sections{1) Literature Review an{R)
MSCR Commentary. The Literature reviegctionincludessurveyresponses provideay Pooled
Fund Member states andeviewof each PG+ testsed by th@artnerstatesn an effort to improve
eachPool ed Fund erstandmy efrcurrent RGr @sisd if needed, identify potential
tests or analysis methods to improve the current state of practice. The MSCR commentary section
includesa description ofthe current implementation processcording to theA\ASHTO M 332
standard and inforation aboutthe adantags and deficiencies of the MSCR procedure with
supporting literature anahalysis of data collected frotihe various MARC research projects.

2. Survey andLiterature Review

Before recommending changasalternativeso the current PG test methoddP G+ tess used by

the partnering states were identified and investigated to understand how each test was developed.
In addition literature citing correlationsith field performance andpparent short comindger

each test methodere identified and descell Tablel provides a summary of the current PG+
tests used by the respective Pooled Fund memb



Table 1: summary of current PG+ tests implemented by respective Pooled Fund Members state

DOT.
Prqp_e rty st Colorado| Idaho Kansas Ohio Wisconsin
Original Method
@ Grade i i i X X
Phase angle Temp. T315 (76-80 max)| (73-79 max)
Specific 0 i i i i X
Gravity 15.6°C D70 (Report)
N . D113 X X
Ductility, cm 4°C T51 | 50 min)| - - (28 min) -
Toughness ah|  ogoc | psgo1 | X : : X :
Tenacity
Separation of Polymer, °F| D5976 - - 2 ﬁax) (10):nax) -
Solubility, % D5546 i i i (99Xmin) i
Homogeneity (Screen Test - - - X -
Acid or Base Modification | CP-L X - - - -
(Pass)
RTFO Residue
Elastic o X X X X X
Recovery% | 22 C | 1301 50 min)| 50 min)| (45 min)| (65 min) | (60 min)
- o X
Ductility 4°C T51 (20 min) - - - -
MSCR TP70 - - - - -

In order to understanahy each of the PGtests were implemented questionewasdistributed
to Pooled kind membes: The questioner is attached to this reportAppendix A three main
guestions were askddr each PG+ test

1 What is the objective for implementing the current PG+ test (i.e. what type of failure is it
preventing) and is tme clear evidence that the test metloasch meet the objective?

1 Cantheyagree on one method per specification objective and do we need an AASHTO
standard for the selected method?

1 Cantheyagree on a uniform set of specification limits and howhégthink limits should
be derived (i.e. fielgpperformance, mixture data or expert opinion)?

Responses received from different partner state agencies are summaiiabteid Theresults

of the survey indicaten generalthat each state primarily uses PG+ test to ideptifgnsure that

certain polymer additives are blended into the asphalt binder. In addition, each Pooled Fund
member expressed a willingness to adopt new test procedures that have a higher correlation with
actual field performanceAlthough different statebave adopd different PG- test methods or

limits, the objectivesresimilar in all cases andach member iwilling to consider better tests

and more uniform specifications.



Table2: Summary of Questionnaire Responses from ferent Partner State DOTs

Test Types State Reasons for Selection Comments
1 Usdalit for 20 years
Ohio Durability, More Polymer 1 Would like to replace with MSCI
is better 1 Do not want to stay with current
procedure
Elastic Presence of Polyar, 1 Testtoo long
Recovery Colorado | Distinguished between 1 Prefer a better test
modified and unmodified 1 Would like to stay at 50%
Ensure Polymer 1 Consider DSR only if it is
Kansas modification rather than repeatable/reproducible and
PPA & GTR, Good givethe same polymer loading 4
experience with PMB ER
Wisconsin | Polymer Loading 1 Moving to MSCR in 2016
1 Willing to consider MSCR but
Phase Angle . . would like to see the test run on
Ohio Polymer Loading original rather than RTFO
T Use it in combination with ER
Ohio Spedically to allow using 1 DSR or MSCR will be preferred
SBR which fails the ER T Minimum 3.5% SBR
Ductility Done at 4C to control 1 Would consider a new method i
Colorado . performance related
thermal cracking
Toughness anc Ohio Same as ductility 1 Sa_rrl1e as Ducity .
: 1 Willing to change it to a new tes
Tenacity Colorado | Presence of Polymer
method
Kansas Avoiding using GTR and 1 No comment
: have the polymer stable
Separation of Prevent chea
Polymer . . P 1 Could be DSR based but
Ohio formulation : L
softening point is easy
Acid or Bise -
Modification Colorado | Avoiding PPA 1 No comment
- . Avoiding clay and Refine .
Solubility Ohio Motor Oils 1 FTIR and XRF are too expensivj
Homogeneity Ohio Avoiding non blended 1 FL microscope is pretty simple

polymers




Based on the summary of tests currenigd Tablel) and the results of the survdiye PG+test
methods wereelected fodetailednvestigaion in order to understaride advantages and possible
deficiencies. These includghase angle, elastic recovery, ductiiiyd toughnesand tenacity
(T&T). In the sibsequensectionstheliterature reviews summarized for eadkst method. Each
PG+ test section describes the development/intention ifioplementation cites any literature
correlating the test to field perfoance,identifies apparent shortcomings of each test and
summarize the mossignificant findings.

2.1 Elastomer Modifier Indication- Phase Angle and Elastic Recovery

Phase angle and Elastic Recovery (AASHTO T 301) were combined in the literature review
process because they have both been implemented to indicaenpeeof an elastomeric polymer.
Asphaltpavements that incorporate bindersdified with elastoms tendto have a higher elastic
propertieswhich can increase pavemesgrformanceAlthough bothtest methods are used for
the same applicatio®hase angle and Elastic Recovergasurements do not represent identical
binder propertiesPhase angle is measured at high pavement service temperatures and elastic
recovery is measured at 25 °C. Asphaltleirs are temperature dependent materials, and the phase
angle measured at 25 °C will be widely different than that measured at higgrvioe
temperatures. The following sections only considers each test methods applicability as an
elastomer indicator arttie implications of modifying binders with elastomers.

2.1.1 Phase Angle

Phase angle (6) is defined as the | ag betwe
strain of a dynamically loadednateria] as shown inFigure 1. Phae angleis an important
parameter describing the viscoelastatureof a material such as asphalt binder.

) o Viscoelastic : Q0 < & <90
/ max * max

200 500

At = timelag — & " -
~ ¢ man nun

Figure 1: lllustration for how phase is calculated frordynamic shear rheometer (DSR)
testing

The larger the phase dagthe more viscous the material; the lower, the more elastic the material.
Phase angle can be obtained from Dynamic Shear Rheometer (DSR) testing using typical PG
grading test methodAASHTO T315 and ASTM D7175 outline the testing procedures for
measurment of phase angle of asphalt binder. When elastomers are used as a modifier, the phase
angle is expected to decrease. Therefore, agencies specify a maximum phase angle at high
temperatures to ensure binder modification with elastomers. Among the firerpstates, Ohio

and Wisconsin specify the limits for phase angieOhio and Wisconsin a maximum phase angle

of 76 to 80 and 73 to 79 depending on the required PG grade is specified, respectively.
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2.1.2 Elastic Recovery

Elastic recovery (ER) is the deg to which anaterialrecovers to its originashape after
release of stres¥he ER is measured withe ductilometerfollowing the procedures specified in
AASHTO T301 or ASTM D6084 the apparatuss shown inFigure 2. The testis typically
performed att0°C or2 5° C on RTF O aag eahgatioaateeof 5i can/min @ an
elongationlength 0f10/20 cm.In the ASTM method, the samples are cut immediately afteniO
elongation while the AASHTO method requires -anthiute waitperiod after 20cm elongation
before cutting.ER has beerused to tesfor the presence of elastomeby manystate agencies
across the country state agency will allow a modified binder if it produces an elastic recovery
greater than an agency specified percentdgecovery In this study, all five partner states use
elastic recovery requirement in testing of modified asphalt. Among the five states, only Kansas
adopts testing procedures in ASTM D6084 while the others use AASHTO T301. For the
specification limits, various valuese speified by each state such as 50% (min) for Colorado,
50% (min) for Idaho, 60% (min) for Kansas, 65% (min) foiddmd 60% (min) for Wisconsin

(b)

Figure 2: Elastic Recovery test apparatus: (a) sample molds and (b) saneieg tested

2.1.3 Correlations with Performance

As previously mentioned, th@imary objective of both Phase Angle and Elastic Recovery
is to indicate the presence of an elastocnaodifier. Elastomers, as implied in the naragused
to increase asphalt biad elasticity but they also increase viscosity and stiffness at high
temperaturedHighly elastic materials camithstand large deformation and recover to their original
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shapeafter loading In pavement applications, high elasticity n@yntributeto prewenion of
permanent deformatiofailure at high temperatures arate claimed to helgeducefatigue

cracking at intermediate temperatures. Therefore, there is a general perception that elastomers can
increase pavement performance whead to modify asph@abinders.

Despite the perception of slamersand mixture performance, the relationship between
binderelasticity and mixture performance is not clear. Golaiipmrrelated an increase in asphalt
binder elasticity to an increase in high temperature uréxperformance, but it was found to be
statistically insignificantexcluding other material property factors frohe tanalysid1]. High
temperature performance was found to be a function of asphalt binder properties agdtaggre
structure or gradatiofactors Arshadi conducted rutting finite element simwas that indicated
the creep compliancef an asphalt binder at high temperatures has a larger effect on rutting
resistance relative to high temperature elastiffly The higher an asphalt binders cr eep
compliance, the highéne susceptibility to rutting. There has been very little research that directly
correlates binder elasticity and mixture performance, but different studies have #raiwn
elastomerincrease asphalt mixture performance in the laboratory and3iedd 5] Whether this
effect is due to increase in stiffnesdfietion in creep compliancehcrease in elasticity, or both,
is not clear.

Al-Hadidy et al. investigated the performance of Stone Matrix Asphalt (SMA) asphalt
mixtures that were modified with thlock SBS[4]. Wheel tracking, moisture damage, flexural
strength, and resilient modulusxiure performance tests were conducted on one SMA mixture
with and without SBS. Wheel tracking tests were conducted at high temperatures to measure the
potential benefits d8BS onrutting resistance. A 79.8% reduction in rutting rate was observed for
themodified mixtures. Moisture damage testing was done by calculating the tensile strength ratio
(TSR) after and before saturating asphalt mixtures in whtaver moisture susceptibility was
observed for the SBS modified mixturddexural testing was condted to measure the low
temperature stiffness modulus and modulus of ruptwElat20 and-30°C. A marginal increase
in stiffness modulus and modulus of rupture was observed for the SBS modified nfitesitient
modulus testing was conducted at’Z5 Results showed a 39.4% increase in modulus of rupture
with SBS modified binderOverall, the SBS modified mixture resulted in a higher performing
mixture when compared witthe unmodified mixtureThe study did not elaboratbowever
whether this improsment is due to increase in stiffness or due to elasticity.

Although somestudies have shown improved performance of asphalt mixtures with SBS
modified bindersthe amount needed to achieve improvement is not ééadaii et al. conducted
dynamic creepests on SBS modified as mixtures with three different concentrations of polymer:

4, 5 and 6%6]. Dynamic creep tests were conducted at high temperatures to target the rut
resistance of SBS modified mixtures. Results showaidtie 5% SBS modified mixtures showed

the highest resistance to rutting resistance. In all cases, the SBS modified binder improvement
rutting resistance, but there was not a linear relationship between SBS concentration and rutting
resistance. Thereforesimply indicating the presence of a polymer does not guarantee the
maximum level of mixture performance is achieved.

In addition to the selection of appragte elastomer concentrations, the morphology of
elastomers has been shown to drastically impactrebulting performance of asphalt mixtures.
D" Angel o compared the relationship between SB
and MSCR percent recovefy]. Table3 shows thathe MSCR percent recovery is much more
sensitive SBS morphology and when compared with ER percent recovery.



Table 3: Data showing differences between SBS morphology as measured by the MSCR and
Elastic Recovery.

Continuous % Recovery

Sample ID PG Grade Polymer Content PPA(%) Temp(°C) J.,at 3.2 kPa at 3.2 kPa ER (%)

LC 66.7-24.1 0 64 3.1 0 5

LC4 75.7-22.3 4% linear SBS 0 70 1.9 19.2 73.8
76 4.6 6.0

LC 4P 81.2-22.2 4% linear SBS 0.50 70 1.1 284 93.8
76 2.4 20.6

LOP 4 76.6-25.2 4% radial SBS from concentrate 0 70 1.2 40.3 86
76 24 37.0

LOP 4P 81.6-24.5 4% radial SBS from concentrate 0.50 70 0.7 52.1 91.6
76 1.4 42.5

For binders used ithis study, all of the SBS modifiers would pass their respective state elastic
recovery requirements while the MSCR percent recovery varies widely based on modification
type. A different study conducted by Hanyu et al. furthered this concept by comiperieiects

of SBS morphology and concentration on mixture performd8teFigure 3 shows mixture
bending beam fatigue results for two different types of SBS morphology and conoentrati
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Figure 3: Relationship between SBS morphology and concentration asghalt mixture
bending beam fatigue performance

Results show that as the concentration of SBS increases so does the bending beam fatigue life, but
SBS morology Il shows significant improvement in fatigue performance when compared with
SBS morphology I. Results of both studleey D’ An g e | | smggesintitht thHe @xtent do

which elastic recovery is increased with elastomers does not necessarily ititkcateential
improvement in mixture performance.

Aforementioned studies have all shown the potential benefits of elastomeric modification,
but there is no clear relationship betwestastic recovery and mixture performance. In fact, no
literature couldbe found to directly correlate mixture performance to elastic recovery measured
using the ductilometer. If an alternative elastomer indication test is desired by the Pooled Fund
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member DOTSs, elastomer morphology and concentration should be consideipditadeestand
to what extent performance is improved with modification.

2.2ER and Phase AngleTests 8hortcomings

There are three general shortcomings associated with elastomer indicating tests: 1) elastomer
bindermodificationdoesnot ensureghatperformarmeis equako or better thamindersusing other
types of modifieradditives 2) the test does not directly address a specific mode of failwce
it is not cleahow elasticitycontributes to rutting or fatigue resistanaed 3 moretime and money
arerequired to usadditional testing apparatus.

There are several different types of additives in the asphalt industry that can be used to increase
pavement performance. For example, there are plastomeric polymers, recycled tire rubber, oil
modifiers, wam mix additives, and acidsWith the exception of tire rubber, all of the other
additives will not increase the Elastic Recovery of asphalt binders while providing performance
related benefits. If a phase angle is specified, plastomeric polymers cadlie tesduce the phase
angle of an asphalt bindevhich isa false indication of an elastomer. Therefore, two binders can
be modified to achieve the same phase anglenaytesult in different pavement performance.

Common types of failure in pavememt€lude: rutting, fatigue cracking, thermal cracking
and moisture damage. Each mode of failure has a unigue mechanism and thus one type of polymer
or additive is unlikely to help prevent all modes of failure. Elastic Recovery and Phase Angle
cannot quanty the extent to which each additive improves performance. For example, fatigue
cracking in the asphalt pavement layer is the result of repetitive loading due to traffic and/or
temperature changg9]. There are a few studiebat have attempted to study the relationship
between ER and performancEamel et al studied a number lohders and compared to results
of fundamental binder tests for fatigue and rutting. The results are duplicdteglire4, which
shows lack of any relationship with the ER. In additammorerecentstudy byDaranga and
Clopotel conducted fatigue simulating binder tests in the DSR and observed a relatively low
correlation between binder fatigue and elastic recovery measntgii0].

7.0E+05 1200
6.0E+05 + 1000 ry
* E * /

5 5.0E+05 2 800 .
=) g /
“‘F 4.0E+05 . G 600
8 / 2 PS y =4.4016x + 597.49
N 3.0E+05 ot R?=0.125
® . S 400 -
S 3
S 2.0E+05 -
= o y= 11926.5X + 298026 200 >

1.OE+05 R“=0.0169

¢ 0 . . .
0.0E+00 T T T 0 20 40 60 80
0 20 40 60 80
Hastic Recovery @10 C, %
Blastic Recovery @10 C, %

(a) Fatigue Performance Np20 (b) Rutting Parameter (Gv)
(Np20= Number of cycles to 20 % damagejGv = Viscous Component of Creep Stiffness)

Figure 4: Lack of Correlation between Elait Recovery and Binder Performance Characteristics
(a) Binder Fatigue (b) Binder Rutting (After Kamel et al, 2004)
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The third shortcoming is related to the Elastic Recovery Appaaaiishe agreement among
agencies on the method of measuremAstshownin Figure 2, the ductilometer requires large
wata bath that must be maintained at a constant temperature for approximately 2 to 3 hours to
complete the testingn addition, here isno agreement on the best test methad limits to be
followed in the specificationsTable4 is a list of the variouproceduresconditions and limits
used by the North East Asphalt User Producer Group (NEAUPG) as reported by C. Mooney in
2005.

Table4- ER Procedures, Conditions, and limits as reported the NEAUPG (Mooney 2005).

ASTM ASTM ASTM D6084
Specs ¢§§1HTO ggg& I(_Q(ijzei;aocos D6084 D6084 Mod. AASHTO
PADOT NJDOT T301 - NY
Sample 100 mm 100 mm s
Elongation 200 mm +/- 25mm 200 mm +/- 25mm 2 in/min 100 mm
Sample . Immediate . Immediate .
Hold Time 5 min cut 5 min cut 90 min None
Relaxation Time | 1 hour 1 hour 1 hour 1 hour 1 hour 1 hour
Min. ER 40% & 60% | 60% 50% 60%
Test 25°C 25°C o 25°C 0 o
Temp. Standard | Standard 10C Standard 25 C 25 C
. . . . . . As per T301-95 or 99
Cutting Clips Straight Straight Straight Straight ASTM (as noted)

Given recent advancements in mechanical testing technology, new test methods can be
consideredn the Dynamic Shear Rheometer (DSBY comparison, a DSR PG test vags
significantly less material and each test requires 20 minutes per tempekatitastic Recovery
Procedure has been developed in the DSR, calleD&R, which can be directly correlated with
AASHTO Elastic Recovery test procedure. The-BEBR procedre requires the same amount of
time as a performance grading test and can be used for the same application as the AASHTO T
301 Elastic Recovery procedure.

2.3 Summary of ER and Phase Angle

Elastic Recovery and Phase Angle measurements have been successtiliy indicate the
presence of an elastomeric polynaed elastomer modifiedsphalt bindersiavebeen shown to
improve asphalt mixture performance. However, the extent to which elastomers increase
performance cannot be captured by Elastic RecoveryasePAngle parameterd is not known
whether this improvement is due to elasticity or increase in stiffiesaddition, theras an
increasing amount of additives that can be used to address different levels of pavement
performance that, when modifiedittv asphalt binder, fail Elastic Recovery and Phase Angle
specificationsDepending on the objectives of each respective state agency, there are alternative
DSR testing procedures thate well developed andan directly address typical modes of
pavement tress or replace the need for a large ductilometer.
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3. Ductility Test

Asphalt ductility testing is currently conducted under two different standardized testing
procedures. The firsteferredto as the standard ductility test, is conducted per ASTM D13
AASHTO T51, and measures the amount of elongation an asphalt binder samplétlttand
before fracture at a specified elongation rate (5cm/min) and temperature (25’QR] The
parameter reported through tipiocedure is the overall length of elongation of the sample before
fracture occurs. The second ductility test i
according to theAASHTO T300procedure. The tesheasures the force during elongatioraat
specified elongation rate (5cm/min) and temperature (#£8]) The testnormaly yields two
stress peaks, one near the initial elongation area and one prior to rupture. The primary parameter
reported is the force ratio wih is the force at the second peéf} ¢livided by the force of the
initial peak €1). Specimens foeach tesare very similar and are shownkigure5. The difference
between the two testge the sides of the moldss thestandardductility mold has angledides
and theforceductility test has straiglsides.Moltenb i nder i s pl doeacd”i B htalpes
molds, trimmed, then the side plates are demolded, and specimens are readyitionicandnd
testing. Figure6 shows a test in process and displays binder specimens pre and post rupture.

Both of these testing procedures are typically used identify the use of certairensoalithin
the asphalt bindeThese results can also be used toattarize the ductile nature of asphalt binder
material higher elongation assumes higher ductility characteristics of the binder in the asphalt
mixture phase. Although advanced binder rheology characterizations are used by many agencies,
these ductilitytests are still regarded as a performance indicator for modified asphalt in some
specifications within the USA and a few countii&4].

—/ Cr"'\_l‘
o & &

Figure 5- Testing motls for ductility specimens. Righ¥lold isfor ASTM D113/AASHTO T51.
Left mold is for AASHTO T300

Figure 6- Image showing a ductility test in progress. Photo courtesy of ARRaar.
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According to the Asphalt Institutenly 6 of the52 states a g éhave included eitr of these
tests within their specificationand only 1 (Michigan) of these 6 states requires all binders to be
tested. The 5 other states specify these tests only for binders that are modiigeda certain
PGgrade For the states using thesetgethe required thresholds used to indicate a pass/fail test
are different from state tdege and also within binder PG.

3.1 Correlations with performance

Ductility testing through these two methods are based off an empirical approach and no known
engineemg properties are obtainable through this procedure. The significance of thefresults
the testdave also been contested as there is an unclear relationship between the measured results
and any fundamental material propertigd]. Al t hough this procedure
properties it has been used effectively to determine the level of aging in asphalt binders of both
laboratory and field aged samp[é$, 17, 18, 19, 20]

Field experiments have shown that asphalt binder ductility can correlate well with pavement
cracking but the results are highly sensitive to the laboratory testing conditions. Doyle (1958)
attempted to correlate ductility to durabilityrf|gmance with Ohio test sections. He noted rather
poor correlations with the test sections and ductility at 23A@ found significantly better
correlations when the ductility was performed at lower temperatures and elongation rates such as
12.8°C at aate of 1cm/mirf21]. He showed that higher ductilities correlated to less cracking in
the field after five years of pavement service. He also provided results of other roadway sections
and showed that a pavement with no khag after five years had a recovered binder ductility of
29cm while two other poor performing test sections havafsigntly lower ductilities Kandhal

also analyzed test sections and attempted to correlate conventional binder tests with field cracking
using Pennsylvania test secti¢B$]. This study showed that among penetration at 77°F, viscosity

at 140°F, and ductility at 60°F, only ductility was able to give the correct ranking in cracking of
the roadways after 10 yearkin-service conditions.

Table5 shows the measured properties of six test sections while

Table 6 shows the resulting performance of these materials in the field.orParice was
guantified inTable6 by creating a rating system which indicates higher performance by higher
rating values. This rating system is further described by Kandhal and W2ghett is clearly

seen that only ductility gives the correct ranking when compared to the overall rating number.
Better pavement condition was also noted whetildyecemained above 10cm, but poor condition

was shown when the ductility decrease®Webcm. It was also noted that the test results as 60°F
were much more reproducible than that of higher temperatures which was also shown by Doyle.
Second and third sets of test sections were laid and ductility at 60°F was able to generate the correct
ranking with respect to pavement cracking. This same relationship was also shown in multiple
other studies as wdll8, 23, 24]
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Table5-Measured properties of six types of Pennsyliatest section§22].

Asphalt Type
Test T-1 T2 T3 T4 15 T4
Penetration st 77°F, 100 ¢ § sec 15 26 35 25 22 15
Viscosity st 140°F, poises 13,339 20,556 7422 14418 6.495 11,263
Viscosnty at 275"F, centistokes 815 858 721 781 583 815
Ductility st 60°F, $ cm/mun, cm 1.2 45 140 50 40 1.2

Table6- In field performance of six different asphalt types with Pennsylvania test sections

[22].
Awphalt Type

Obsxcrvations T T2 T3 T4 75 T4
Lows of fines (matrix) Slight to moderate  Slight Stght Slght Shight None to sight
Ravching (lom of patticle

2 54nch of larper) Modctate Stight None toslight  Sight Shight to moderste  Shght
Tranwverse crackhing Very severe Shght None Sught to moderate  Very wevere Slght 1o maderste
Longitudinal crack ng Very severe* Moderste  Nosetoslight  Shght to moderate  Scvere® Shght
Overall rating number 1n4 ¥4 Js.2 Jos 08 na

Goadrich studied the correlatidmetween conentional asphalbindertesting to the properties of
asphalt concrete mixes. He showed that temperature susceptibility, forced ductility, toughness
tenacity, and low temperature ductility did not always correlate well to performances of asphalt
mixes[25]. Forced ductility was able to correlate relatively well with beam fatigue at 25°C, but
the standard ductility procedure had a poor correlation. This study also showed that polymer
modi ficati on di dnfatigue miktgeperforimanaenso it may be suggested thadt e
certain conventional binder tests are susceptible to certain polymer modifiers as they show drastic
changes irmuctility but limited correlations to mixture performance.

From a durability study eaducted by the Federal Highway Administration (FHWA), it was
shown that multiple binder rheological parameters including the storage m¢dGlus) , t he r at
dynamic viscosity to the storage moduG’'u)s) (hnawv
high correlations with the ductility test when considering unmodified bifiidr Correlations
wereespeciallyhigh when the ductilit valueswere below 10ciwhich has been shown to be a
highly critical range regarding asphalt mixture performg@6¢ Although the correlations were

strong between these parameters, the correlatiendimainished when highly modified binders
were used.

3.2 Test Shortcomings

The primary disadvantages of using these test procedures is the inability to relate the results
to any fundamental material properties and the inconsistent specimen gedumieigyhe testing
[14]. Due totest procedurewhich allows very large deformation reaching more than 10000%
strain (100 cm), the sample geometry changes so much that the strain rate varies due to the necking
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and change in crossecton [12]. Since the change in geometry is material dependent, the results
cannot be compared since yhrepresent inconsistent strain rate conditions. In simple terms, this
geometry effect is equivalent to testing materials at different temperaturésthé@/introduction

of various effective binder modification, this test has resulted in rejecting materials that are known
to perform very well and contribute to better performance. This false rejection is a real problem
since it restricts the use to bindehat can pass the test but are not necessarily better than others
in terms of pavement performance.

The recent increase in interest of binder modifiers is a cause for concern with respect to
speci men geometry as many o fhangeothkalgstomerictoreemo n | vy
di mensi onal net works which potentially change
relaxation as the sample elongaf&4]. Vonk and Korenstra conducted a study regarding the
differert structures of polymer modified binders and concluded that the ductility test will measure
different material properties depending on the level or presence of modifjcations not a
suitable performance indicator or binder selection @6]. The results from these two ductility
testing procedures are also rategaticand inconsistent especially when testing modified asphalt
binders[14]. This causes issues when optimizing formulationshastést will not be able to
distinguish minor changes in performance.

A study conducted by Tabatabased coworkerssuggested replacing these procedures with
dynamic shear rheogter (DSR) based procedure. It was shown that not only were the results ver
repeatablgbut the geometry of the test specimen is much more consistent for all bindevigres
the DSR is useth comparison to conventional ductility testing.

3.3 Summary

Although ductility has shown promising results in certain instances wseghas a durability
indicatorfor unmodified bindersthere are multiple limiting drawbacks of this procedure. Firstly,
the variable specimen geometry is a kagrtcomingas this limits the ability for any engineering
properties to be derived from theopedure. As previously mentioned, this issue has been studied
by multiple research effortsxda dynamic shear rheometer has been used in place of the traditional
ductility setupg14, 21] Another limitation of theluctility tess are the poamixture performance
ductility correlations when modifiers are introduced into thelemi27, 21, 14] Also very few
stateagenciehave implemented these test procedures into fipeicificationswhich indicates
that the results ar@ot widely accepted as the best method to characterize binder performance or
modifier presence indicator

4. Toughness and Tenacity

The asphalt toughness and tenacity test, currently conducted &&ldvi D580112
specification, characterizes an asphalt binde
deformation rate both pre and post ultimate (maximum)[[B8d The test is typically conducted
on asphalt bindespecimens to describe the elastomeric properties, which is useful when elastomer
modifiers are used.

The toughness and tenacity test was first introduced by B429pm an attempt to better
characterize rubberized asplaltThis procedure was primarily used as a markétiobduring
the early years and was not created as a performance indicator. The toughness and tenacity test
was initially wused in the 1960's by ruleber ma
asphalt binder as a modifying ag¢&0]. The toughness and tenacity procedure measures the

15



force required to withdraw a steel probe embedded in an asphalt binder sample at a constant rate
at a specified temperatuj&l]. The testing apparatus is showrFigure?.

‘-

Figure 7- Toughness and Tenacity testing apparatus displaying a test in progress.

During the 1970’ s t hypslymerarodifierwansifacturers @as ap r o me
method to distinguish polymenodified from unmodified asphd2]. Although this test displays
great differences between unmodified and modified asphalts, these differences in belvavior ha
had limited correlations to actual field performance.

The primary output of théestis a load vs displacement relationship. The toughness
component provides a measure of the energy or strength of the asphalt binder which is driven by
cohesive and ektomeric properties of the asphalt bin@dy]. This parameter is typically used to
serve as an indicator of how a polyameodifier effects the base asphfB]. The tenacity
parameterisameay e of the binder’ s el aydor delayng failore pr op e
after the peak load has been reacl¥d. Tenacity is typically used to indicate the amount and
type of polymer used with the base aspf&8}]. Wang and Tsai have suggested that the toughness
parameter can also be used as an indicator of the amount and type of polymer added to the base
asphalt{34, 35] Figure8 shows a schematic of how the toughness and tenacity are calculated
based on the loadisplacement plot.
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Toughness: Area under curve ABCD
Tenacity: Area under curve CD E

LOAD Newtons

A E D
Extension {mm)

Figure 8- Plot displaying how the toughness and tenacity parameters are calculated from the
load-displacement curve

According to the Asphalt Institute, only 5 of the 50 stagenciehave adopted the toughness
and tenacity parameter into their specificatidinese Sagencies require thtestto beconducted
only on modified binders, especially styrematadienerubber (SBR) modified binders. This test
appears to be used primarily as an indicator for binder modificatidnits effectivenessThe
threshold for a pass/fail test for most of these specifications are thensdmenga minimum of
75 inrlbs for the taghness parameter and 11dbs for the tenacity parameter.

4.1 Correlations with Performance

Goodrich studied the correlations between multiple conventional binder tests including
toughness and tenacity and attempted to correlate these results to msxtadt performance
[25]. Although significant increases in performance were noted with respect to the conventional
asphalt tests, this increase in performance could not always be directly correlatedaseisn
mixture peformancelt was notedy this authothat neither the toughness nor tenacity parameter
correlated to the limiting stiffness temperature (LSAhich is a parameter of monitoring the
susceptibility to thermal cracking or the creep properties of the mixthich is a characteristic
of permanent deformatid25].

Isacsson also showdithited correlations existing between toughness and tenacity and field
performancg36]. He also suggested that whiatroducing polymer into the bitumen, the testing
conditions of nearly all the conventional binder testing methods are modified in one way or another
and are no longer measuring the exact same parameterstdteiment indicatebe need for the
binder tests to measure engineering properties of the material rather than empirical based
characteristicselated to type of material

4.2 Test Shortcomings

One of the primary concerns regarding the toughness and tenacitys tdst large
deformations experiendeby the binder in the testwhich are not representative of the
deformations that asphalt bindexuld experiencen the field[33]. The Toughness and Tenacity
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procedure is purely empirical as no engineering material prepante obtained through the testing
processunlike the more advanced rhegical characterization methad&mpirical testing is the
best testing option when engineering properties are difficult to obfut. when substituting
empirical behavior for engeering properties it is essential to characterize the material of interest
within conditionssimilar to what the material experiences in the field. With regards to the
toughness and tenacity test procedure, the tested asphalt éxpaeiencesignificantly higher
deformation than what would be experienced in the {&8). JyhDong suggested the increase

in resisting deformation due to modification should only be accounted for when the deformation
is relatively small, ashe increase in performance at high deformation is not significant as the
binder in the fieldvill not reach these deformatiof83]. With this in mind the calculated increase

in performance calculated from ASTM 5801 may egématethe change in performan{g3].

Another primary concern with this testing procedure is the variable-seati®nal geometry
as the testing deflection occurs. As the steel stub is being pulled from the asphalttbader
overall crosssection is continuously changing as the further the stub is displaced, the smaller the
crosssectional area exists is to resist deformation. This attribute makes this test nearly impossible
to relatdts results to any engineering mag property as the stress of the sample is changing with
time and space with unknown relations. The behavior of this changingsecssn may also be
highly variable with the presence of the modifiers. Binder modification, especially with polymers,
can affect the elastomeric three dimensional networks which may inherently change the rate of
rel axati on an[d4]. PTlba changesa bf she neawbrksowill result in a different
geometries of the asphalt binder specinaérihe same deformation level depending upon the
modi fication which doesn’t all ow for compl et
especially between unmodified and highly modified specimens.

Repeatability is also a large concern for toughaesidenacity testing as the results are subject
to large changes by minor alterations to the testing specimen and data interpretation. Robinson
showed the results are highly sensitive to the depth of immersion into the binder of the testing
probe[31]. This causes minor unintended changes in specimens resulting in variable results. With
regards to the amount of tests required for suitable characterization, Robinson suggested in order
to get within +f 10% of the true mean févtests should be conducted and 24 tests to get within +/
5% of the true meafB1]. Test data interpretation is also another critical source of variability
certain specimeshave different overall curve types from whatésrsin the schematic iRigure
8. Figure9 shows another loadisplacement case that is seen with the testing results and shows
multiple peaks of the specimen.
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Figure 9- Toughness and Tenacity loadeformation curve displaying the complexities
possible with analysis.

4.3Summary

Thereview of thetoughness and tenacity procedure has shbatthere arenany limitations
including nonrepresentative deformation levahangingspedimen geometry, angignificant
repeatability challenges This procedure also has limited correlations to field or mixture
performance. Even with these shortcomings, this test has the potential to be an indicator of
presence of the modifier in comparistimneat binder as the results are highly sensitive to the
addition of certain modifiers. Unfortunately, there have been limited correlations relating the
change in toughness or tenacity to mixture performance which ultimately limits the overall
applicabilty of this test procedure as a performance indicator.

It should be mentioned that recent development of the DSR testing praciedicates that
there is a possibility to use the DSR and apply a monotonically increasing deforraititer (
to the T&T est) but keeping the geometry constant between the DSR plates. The new test in the
DSR is called the Binder Yield Energy Test (BYETAs shown in Figure 8, the test applies a
constant rate of rotation and measures torque required. The test can lweaadealdte the
energy to yielding of binder and can clearly distinguish polymer modified bifiirs

______
.................

0.8 - 4¥° ' Polymer
0.6 , Medified

Stress (MPa)

Neat
02 Binder

0 500 1000 1500 2000 2500
Struin (%)

Figure 10: Binder Yield Energy Test in the DSR.
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5. Overall Summary of PG + Tests

This report was@mpleted to meet the objectives outlinedAnea #1 of the pooled fund project

work plan, which included a detailed evaluation of the PG+ tests currently used by the project
partners and a detailed commentary on the MSCR test procedure and protocoheHrtardtire

review of current PG+ test methode following points summarize the main findings:

1 The phase angle and Elastic Recovery measured in the ductility bath are used as indicators
of elastomericpolymers in modified asphaltdVhile both measuresnay detect the
presence of such modifiers, they have critical shortcomings due to false rejection of some
elastomeric additives and lackrrelation to actugberformance properties.

1 There is an increasing number of additives that can be used to adtfersstdevels of
pavement performance that, when used to modify asphalt binders, fail Elastic Recovery
and Phase Angle specifications.

1 The Elastic Recovery in the ductility bath is used by vargtates differently and there is
no consensus with respeotthe details of the procedure or the limits that shaxa@dised
in specificationsIn addition, & elastic recoveryestcan be conducted in the DSFhere
is clearevidence that the DSER test is a more practical and eas conductin the
presentlyusedDSR devices.

1 The Ductility test is highly misleading due to the extreme change in geomeinyg doe
test. Although the testas used as quality indicator in the past for neat asphalts, it cannot
provide technically sound engineering propertiescomnpare the quality of different
polymer modified asphalts. Similar to the ER, the ductility test can be replaced by a more
effective test in the DSR called the Binder Yiéldergy TestBYET), which requires
much less material, can solve the geometrpler, and is expected to clearly show the
benefits of polymeric additives.

1 The Toughness and Tenacity test has many limitations includingepoasentative
deformation level, changing specimen geometry, and significant repeatability challenges.
Even withthese shortcomings, this test has the potentialdizate thepresencevinder
modification; test results are highly sensitive to the addition of certain modifiers
Unfortunately, there ard@mited correlations relating the change in toughness or tertacit
mixture performance which ultimately limits the overall applicability of this test procedure
as a performance indicator.

1 It should be mentiortkthat recent development DER testing procedurdss resulted in
a monotonically increasing deformatiast, similar to the T&T test, which can maintain
a constant geometry in the DSR parallel plate systéma.new test in the DSR is called
the Binder Yield Energy Test (BYET) and it addeswany of the shortcomings identified
with the T&T procedure.
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6. Commentary on MSCR

One of the olgctives ofWork Area #1 is to providea detailed commentary for the Multiple
Stress Creep and Recovery (MSCR) test procedure based on a comprehensive literature review.
The following sectiongprovide a discussion of the etent MSCR implantation process and
procedural detailsTheimplantation section covehow state agencies can implement the MSCR
procedure in accordance with AASHB@andards T350 and M33Bhe pocedural casiderations

section cites literature to addressoncerns associated with different aspects of M&CR
procedure.

6.1 Current Implementation Process

There are two AASHTO standards that are currently being used to implement the MSCR
testing procedure: AASHTO T350 and M332. AASHTO T350 describes how taicbtite
MSCR procedure in a Dynamic Shear Rheometer (DSR). AASHTO M332 describes how the

MSCR results can be incorporated irfjpecifications to replacthe current M320 Superpave
asphalt binder grading system.

Two parameterarecalculatedorm the MSCResting procedurgl) averageionrecoverable
creep compliance (Jnr) al@)) averaggercent recovery (%oRJnr and %R values are reported for
two different applied séisslevels, 0.1 and 3.2 kPagsing astandard 25 mm DSBeometry. The
procedure appdisa total 0f30 loading and unloading stepstivo sequential stagder 20 and 10
cycleseach For the first B cyclesa 0.1 kPa stress is applied for 1 second and then edléais9
seconds and repeated &®es (each application and release of logt@sents one cycle). The
process is then repeated at a stress level of 3.20kRA#® cycles instead of 200 calculate Jnr,
the strain accumulated after eanjtle is subtracteffom the recovery strain from the previous
cycle and divided by the applistressTo calculate %R, the maximum accumulated strain in each
cycle is subtracted from the recovery strain and divided by the maximum accumulated strain. This
is best understood visually Figure 11 and Equations 1 and 2.

Strain, %

o ¥ - _— o —
0 2 4 6 8 10
Time, s
Figure11l-Vi s u a l description of the data outiput fr

i's the maximum strain af tieisthelaccsmmlatedrstchin after9cr e e p
seconds of recovery
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veil (1)

Wherwei,s yt he recovery sdedisthe appliédstresspedhertD.l ory c | e
3.2 kPa.

bl dnedsomyo T @)
Wh e r 16s the maximum accumulatetrain during each cycle.

Figurellrepresents one of 10 cycles that occur for each stress level of the MSCR prémelgure
the last 10 cycles of the 0.1 kPa stress level are used for data anAlysrsgalculating the Jnr
and %R for each cycle, the average values aretegp@ typical data output foall cycles and
stress levels is shown Figurel12.
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Figure 12- Typical data output for MSCR procedure. 10 creep and recovery cycles are
conducted at each stress level.

AASHTO M332 specifies thahe MSCR testshouldbe run at the climatipavement
temperature as an alternative to the current
specifies that the high temperature grade be increased to account for an indredfsevolume

or reduced traffic speed. Grade “bumping” req!
meet typical Gsaltsihnd&@ hepediefmpeataitaimes. Two con
system: 1) an asphalt bi nder wi || never e xpe

temperatureand2p ol ymer systems may béhaempdraterentt
with the actual climatic grade temperature.
Instead of increasing the high temperature PG grade, M332 sp8cfikBalnrlimits for
different traffic levels at theameclimactic pavementemperatureln this way, asphalt binder
producers are required to modify binders to decrease thallrat theactualclimatic grades.
Table7 shows a summary of the specification limits provided in AASHTO M332.
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Table 7-MSCR specificatiodimits at the climatic temperature for different levels of traffic.

Traffic Rating Maximum Traffic Guidelines (ESALsnd Traffic)
Jnrat 3.2kPa
(kPa?)
S 4.5 <10 million ESALs and standard traffic loadir
Standard
H 2.0 10-30 million ESALs or slowmoving traffic
Heavy
\% 1.0 >30 million ESALs or standing traffic
Very Heavy
E 0.5 >30 million ESALs and standing traffic
Extreme

In M332 system, a binder will be graded with the traffic level labeled in the grade. For example,
a PG 6422 binder modifiedo meet the Very Heavy traffic levelould be designated a$4aV-
22insteadofa782 i n the grade “bumping” system.

In addition to the Jnr limits, there are tadditionalspecification limits that are outlined
in M332: Jnr difference and %R. Jnr diffecens the calculated percent difference between the
Jnr at 0.1 and 3.2 kPa stress levéts.difference was intended to ensure that small changes in
stress do not result large changes in rutting susceptibility of the asphalt Stides. an
optional speification that can be used to indicate the presence of an elasiwriedicate the
presence of an elastomer the relationship between Jnr and %R is compared against a curve in the
APPENDIX of the M332 specification. If the 38R relationship is aboveetcurve, the binder
contains an elastomedfigure13 shows the JrfoR relationship to indicate a polymer.

%R=29.37 Lxnr 7%=

Elastomer

No Elastomer

% Recovery (3.2 kPa stress @ PG)

1 1.5 2 25
Inr kPa'(3.2 kPa stress @ PG)

Figure 13- Elastomer indication curve. Where, binders that are above the curve indicate
presenceof an elastomer.

23



6.2 Procedure Considerations

After introduction of the MSCR procedure to the asphalt industry, several researchers have
investigated the potential for Jnr and %Raagtate agency specified te$he primary research
that has supported devploent of the current MSCR standards has been summarized in the
Transportation Research Boar d’ mthedrculgrasmwellans por
as other publicationgustifications for glecting the current Jnr and %¥ereexplained37]. The
following sectionssummarizethe justification for the AASHTO M332 specification limits and
provide insight on different aspects of the MSCR procedure.

6.2.1 AASHTO M 332Standard Jnr and %R limits

First, an initial limit was sefor unmodified binders based on tleationship between the
MSCRJnrandthR TFO G* / si nd Ap &Hofd.alkPmadsfoundto beequivalento
a MSCRJnrof 4 kPa'. Table8 shows the Superpave grade and MSCR Jnr data used to derive this
relationship.

Table8: Datausedd generated Jnr measurement equival e
the binders used for this testing were unmodifigg¥].

Temp I
Sample ID Name Grade True Grade [°C] [3.2 kPa']

ALF 6727 Control 70-22 72.7-74.2 72.7 4.4
BBRS3 Straight 64-22 66.1-27.3 66.1 4.2
MN county rd 112 Neat Valero 58-28 60.8-33.4 60.8 3.7
MN county rd 112 AshlandM 58-28 60.7-31.4 60.7 43
Minn Road Straight 58-28 61.8-30.8 61.8 3.0
Shandong Straight 64-22 064.4-23.5 64.4 4.4
BBRS3 Straight 70-22 71.4-24.8 71.4 4.8
BBRS3 Straight 58-28 61.3-30 61.3 4.0
MD project Straight 64-28 64.8-29.6 64.8 4.6
Citgo Straight 70-22 71.6-26.9 71.6 4.6
Lion Straight 64-22 66.7-24.1 66.7 4.5
Average 4.2
Coefficient of variation (%) 12

Data showsthaad nr of 4. 0 i s not e x a2tkPayJnreajues, imithl ent |
study, ranged from 3.0 to 4.6 kPaln order to pass th®SCR standard traffic levela Jnr

maximum limit of 4.5 kPa is specified Table8 suggestshatthe standard traffic limitatiomay

reduce the high temperature grasdlec ur r ent unmodi fi ed bindter ever
the 2.2 kPa limitation atlimatic temperature

Next, raffic levelJnr limitationsin the AASHTO M332 specificatignvere derived from
three different studies: MnRoad research center, Acceletadading Facility (ALF) and a
Mississippi test siteeachof the aforementioned studies were conducted to set limits for increased
traffic volumes and slower speeds. Three binders were used for each study to achieve Jnr values
of 4, 2, and 1 kP& In theALF study, each binder incorporated into one mixture design and was
loaded with an 80 kN wheel load traveling at 19 km/h atG#MnRoad conducted a similar study
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using the dry condition of the Hamtyg Wheel Tracking Device test proceduire Mississippi, a
test section was paved intociens withthe three bindersand rutting wasnonitored with live
traffic for 6 years. Resulsf each study were summarized and are showiaiie9.

Table9- Results of three MSCR studies to develop Jnr specification lif@%.

MS test site ALF study MnRoad
% Change % Change % Change
in Rut in Rut in Rut
with with with
J, at Rut Change in J. at Rut Change in J,. at Rut Change in
[3.2kPa'] | [mm] Je [3.2kPa') [mm] T [3.2kPa’'] [mm] >
4 13.3 4 27.7 4 10.2
2 6.4 51.7 2 17.0 38.7 2 5.7 44.2
1 3.0 53.5 1 11.6 31.6 | 34 39.7

Results othethree studies shothat a 50% reduction in Jnr is approximately equivalent3g- a
50% reduction in rut depth. Thusjs assumed thdor each traffic leveincrease the Jnr is
specified to be reduced by halthis assumption is not well justified since the traffic leweded
in the M332 specification is spaced at 0.3, 1.0, 3.0, 10.0 and 30 million ESAIs. So the logical in
using 50% reduction in Jnr to change limits for the traffic limits is not clear and in fact

contradictory to the known trend that rut depth is noteali function of the traffic volume. This

known trend is part of the MEPDG and is evident in many studies done in the lab and in the field

[1].

The %R specification limits werenvestigatedby Anderson et al. using twentyo
different Canadian asphalinolers[38]. Based on the correlation between Jnr and %R for each
binder,the use of the curve for indicating the presence of a polymedarased The equation

derived frombinders used ithis study is shown iRigure13. Results also showed that the MSCR

%R-Jnr relationship was more sensitive to blending times and concentrations of elastomer
modified binderwhen compared with the AASHTO T301 elastic recovéitye Majority of the
binders that fell ative the %RInr curve had T301 elastic recovery values greater than 70%.

Anderson concluded that the MSCR procedure can be used not only to ensure that an elastomer be
used, but also that proper blending and concentrations of elastomers are utilized.

6.2.2 StressDependence and History

In the AASHTO M332 specification, Jnr and %R are measured at 0.1 kPa and 3.2 kPa. The
following section cites literature that lead to selection of these stress levels and studies that have
investigated how stress affects MSCR resullodified asphalt binderspolymer modified

asphaltsn particular are stress dependent materials. Hteess levels selected in the MSCR to

indicate rutting resistance shoutbe related to thestressexperiencedoy the binder within a
pavemensystemS el ect i on
low and hightraffic stress levels, respectivel§9]. No clear justification foselection 0.1 kPa

was identified.The 3.2 kPa was selected bdsen a comparison between a highly networked
Elvaloy (elastomer) and nesross linked SBS modified binderdnr was measured for each
modified binder at several stress levels.lReshowed thainr values were similar until reaching

of 0.

1 and 3.

2

k Pa

wer e

reco

a stress level of 3.RPa. At 3.2 kPa, the highly networked modified binder maintained a much
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lower Jnr in comparison with the na@noss linked binder. Therefore, 3.2 kPa was selected as the
high stress level to differentiate between good and poor elastomer modificationreswithin
asphalt binder

Laukkanen et al. evaluated the effexdtstress levels on Jnr and %t both unmodified
and modified asphalt, as shownRigure 14 [40]. Where Bl is unmodified,idersdesignated
with an E are elastomer modified, W7 is wax modified and EW8 is wax/elastomer modified.

0.5 T T —Trr T —rT T — 100
- B »
Ed ®——
= 4 E5 afen T — - -
04 f:ls * - 80
—»— W7 @ b .\ ey
@~ EW3 >~ © R
Fad 1| SlPe > o T 190 g
& : o
2. y 3
a8 2 O -1 40 o
X F ’ - » T &)
: / 1 2 — PO, ]
014 = - "E\ . - 20
I &
" = F— -’:C »
0ol @ = Y, S A ST PR PR TR Loaov s el P ¥,
10° 10° 10 10° 10° 10°
Creep stress (Pa) Creep stress (Pa)
Figure 14- Jnr and %R modification and stress dependence comparison with polymer
modification.

As can be seen iRigure14, Jnr and %R stress dependenkbange based on the type of polymer
modification.But the results show that at 0.1 kPa and 3.2 kPa there is only a small change and it
may not give the necessary differentiation of the stress sensitithg various binder§&election

of one stress level may not be appropriate to accurately characterize the rutting resistance of asphalt
binders with larger volumes of traffic and slower sfgedResults from a studiesnducted byoth

Wasage et alandD” Angel o bot h difearity oftdir and %R Imeasurements
approaching 10 kPa are different for different types of asphalt binder modificatiorj4§p8&3]

A Jnr difference parametédmr diff) was propoed by Anderson et al. to measure stress
dependence and was incorporated into the AASHTO M332 specifig@8pnInr difference is
calculated as the percent difference between the 0.1 kPa and the 3.2 kPa Jnr. The proposed
maximum limit of 75%Jnrdifference was intended to ensure that small changes in applied stress
did not result in a pavement that was susceptible to rutting. When binders are modified to obtain
Jnr values less than 0.1 kRPahe Jnr difference has a tendenoybe uncharacteristically large.

Both Mandal and Anderson have reported Jnr difference values greater than 500% when the 0.1
kPa Jnr is below 0.1 kP§42]. Table10shows Jnr measurements for heawilodified binders at
three different stress levels.
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Table10- Jnr data at three different stress levels for heavily polymer modified asphalt binders

[42].
%Recovery I e

Binder 0.1 kPa 3.2 kPa 10 kPa 0.1 kPa 3.2 kPa 10 kPa

Neat binder 12.81 13.04 18.81 30.61 3199 i8.61

4% LE + 1.5% FPF 89.85 3.17 20.74 0.20 5.85 18.24

4% LE + 1.5% FPE 4+ 0.1% 99.05 45.21 2.25 0.02 1.60 6.27
Sulphur

4% LE + 1.5% FPE + 0.225% 99.10 91.72 14.47 0.02 0.18 3,76
Sulphur

4% LE + 1.5% FPE + 0.1% 98.58 15.60 592 0.02 3.02 7.51
CL2

4% LI 1.53% FPE + 0.1% 98.53 10.99 6.79 0.02 348 8.25
CL3

4% LE + 1.5% FPE + 0.25% 97.52 20.58 5.58 0.04 310 8.02
CL4

4% LE + 1.5% FPE + 0.1% 97.90 30.56 339 0.03 2.34 6.66
CLS

4% LE + 1.5% FPE + 0.1% 98.22 4994 5.58 0.03 1.4] 5.70
CLS5 (extended curing)

4% LE + 1.5% FPE + 0225% 99.49 91.34 10.01 0.01 0.17 4.19
CLS5 (extended cuning)

4% LE + 1.5% FPE + 0.3% U834 77.96 242 0.03 (.58 5.68
CL6

4% LE 4+ 1.5% FPE + 0.3% 98 47 24.63 4.60 0.02 2 80 7.48
CL7

4% RE + 1.5% FPI 92.11 35.30 323 0.09 2.35 5.52

4% RE 4 1.5% FPE + 0.1% 101.91 78.31 2518 - 0.01 0.37 247
Sulphur

4% RE + 1.5% FPE + 0.225% 102.56 98.04 87.67 - (.02 0.02 0.19
Sulphur

Note: LE, Lincar Elastomer: FPE, Polyvethylene; RE, Radial Elastomer

Several binders iable10have 3.2 kPa Jnr values that are two orders of magraugks
than the 0.1 kPa Jnr value. However, when the stress is further increased to 10 kPa the % difference
between the 3.2 kPa and 10 kPa Jnr is much lower. The Jnr difference shoutdimdnease with
increasing stress level comparisons, as showigure14. This may indicate that current analysis
methods and testing equipment may be inadequate to measure the true Jnr of highly modified
asphalt binders.

In addtion to stress dependence, stress history also can affect threcuwerable creep
compliance. Sheony et albonducted a stress history study that measured the Jnr after three loading
steps: 25 Pa, 3200 Pa and another 25 Pa[48p This procedure was conducted on several
different types of asphalt binders and the %difference was calculated between the Jnr measured
after the first and second 25 Pa step. Results from the study are shdwablénll Each
measurement was conductgdhe same stress levielitthe % difference ranged from 14500%
between the different 25 Pa steps it stands, the MSCR proceduappliesan identical stress
history, but it is not possible to know the state of strveitisin the asphalt binder after sample
preparation (i.e. loading and trimming the sample). Differences iteptstress states could result
in drastically different Jnr measurements as showraliell.
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Table11-Results showing the effect of stress history on the Jnr of asphalt binf&8k

% Absolute difference in Jyy between
first 25 Pa run and the second 25 Pa

Binder code Binder type/modifier Testing temperature (°C) remun after completion of multi-stress
ACS Unmodified 58 7
AC-10 Unmodified 58 3
52 25
AC-20 Unmodified 64 8
58 23
52 126
Styrelf SB maodifed 70 2504
58 4450
Novophalt PE modifed 70 1955
B6224 Flux 52 3
B6225 Base 64 4
B6226 High 70 4
B6227 Air-blown 70 1
B6228 Terpolymer 70 512
B6229 SBS LG 70 78
B6230 SBS L 70 25
B6231 SBS RG 70 865
B6232 EVA 70 73
B6233 EVA G 70 188
B6243 ESI 70 19
B6251 CMCRA 70 79
B6267 Control 64 9
B6272 Control 64 1
B6298 Control 64 1
B6281 Air-blown 64 23
B6289 Terpolymer 64 771
B6295 SBS LG 64 4229
B6280 SBS 6440 64 4044
B6286 CR-TB 64 1526
B6310 Terpolymer 59 2
B6311 Terpolymer 68 28
B6312 Terpolymer 72 20
B6313 CR-TB 70 0
B6314 CR-TB 76 211
B631S CR-TB 82 977
B6316 Terpolymer 82 24
B6324 SBS LG 68 2
B6325 SBS LG 77 60
B6226 SBS LG 84 32

6.2.3 Loading Cycles and Loading Times

In the AASHTOTP 70procedure, 10 loading cycles are specified per stress level dnd eac
cycleconssts ofa 1 second creep time and 9 second recovery fResearchers have conducted
studies to understand the implications of increasing the number loading cycles, creep times and
recovery times. Golalipour measurée tinr and %R for different bindersiimtervals of ten from
10 cycles up to 90@ycles[44]. Results showed that the Jnr tends to increase with increasing
number of cycles. The opposite is true for % R. However, Jnr values converge to a constant Jnr as
they approde 100 cycles of loading. To account for this issue, Golalipour recommended
increasing th@umber of cycles to reduce the variability of the proceduaakkanen also found
that taking the average Jnr for 10 cyaheay not be representative aftual materl properties
[40]. Even within the 10 cycles used in the standard MSCR procedure, the calculated Jnr for the
first 2 cycles tended to be less than the all subsequent Jnr values.

Domingos et alcomparedhe current 1 secondeep and 9 second recovery loading with
2 second creep and 18 seconds loaf#ibg) It was expected that the Jnr and %R values would be
similar because the extended amount of creep and recovery times were proportional. However,
results inTable 12 show that Jnr and %R wemrependent on the temperature and binder

28



modification type. Studies conducted by Diab and Dellgadileo concluded that binder
modification directly impacts how the Jnr changes ftieent loading time$46, 47}

Table12- Inr and %R comparison ratios for 1 and 9s creep and recovery with 2 and 18s creep
and recovery times.

Temperature/ Percent recovery ratio Rp (R;_¢"/R, ;Kh) Nonrecoverable compliance ratio Re (Jnr, 5%/Inry )

stress level (kPa) Base binder (AC) AC+PPA AC+EVA AC+EVA+4PPA  Base binder (AC) AC+PPA AC+EVA AC+EVA+4PPA

52°C/0.1 1.57 1.07 0.88 1.05 1.91 1.73 0.52 1.86
58°C/0.1 1.99 1.10 0.89 1.07 1.91 1.81 0.66 1.90
64°C/0.1 — .15 0.94 1.02 1.93 1.80 1.23 1.91
70°C/0.1 - 1.26 1.09 1.08 1.97 1.88 1.79 2.07
76°C/0.1 — 1.35 1.05 1.09 1.96 1.89 1.66 2.13
52°C/3.2 2.62 1.10 091 1.14 1.94 1.82 0.80 222
58°C/3.2 — 1.24 0.86 1.39 1.97 1.93 0.67 2.73
64°C/3.2 — 1.65 0.97 1.86 1.96 1.99 1.57 298
70°C/3.2 — 3.67 3.86 422 1.96 2.04 2.13 2.56
76°C/3.2 - — — — 1.98 2.00 1.91 2.38
“R,_¢ = percent recovery at 1-s creep time and 9-s recovery time.

PR,_1g = percent recovery at 2-s creep time and 18-s recovery time.

“Inr,_;3 = nonrecoverable compliance at 2-s creep time and 18-s recovery time.
9Jnr,_y = nonrecoverable compliance at 1-s creep time and 9-s recovery time.

6.2.4 Variability of Results

Repeatability and repducibility are two important aspects leading to the variability of the
test resultsSoenen et al. (2013}udied the repeatability and reproducibility of MSCR test using
9 binders (bindex1-3 were unmodified while binderd were modifiedi[48]. The resultsn Table
13 showthatfor unmodified binders, the test results were approximately within A8l for
CV single operator variation (repeatability). For multi laboratory varigtieproducibiity), only
the Jrvalues were close to ASTM specification. BoR (1 kPa and 3.2 kBathe reproducibility
was out ofASTM limits. For modified bindersthe repeatabty of %R (1 kPa and 3.2 kPayre
almost within the boundary of ASTM specification limitBut in case of reproducibility, the
calculated CV's are not wi Rdasons for testing lariationt s
exceeding the ASTM D7405 limits were identified to be variation in sample preparation
proceduresDSR manufacturer differencasd problems dealing with inherent material vaorat
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Table13: Overview of multilaboratory and singleoperator CVs for all bindes [48]. Where

Aro represents repeat aducbilityty and ARO
Repeatability and Reproducibility CV(%)
R100% R3200% Jnr 100 (1/kPa) Jr3200 (1/kPa)
Binder | CV-r |CV-R | CV-r | CV-R Jr | CV-r | CV-R Jr | CV-r | CV-R
1 2 6 2 7 0.053 3 6 0.054 3 8
2 4 26 10 65 | 0.722 3 6 0.764 3 7
3 16 46 4* o* 1262 4 8 1.354| 4 8
4 1 2 1 4 0.144 3 7 0.157 3 10
5 11 34 11 36 | 0.336 7 13 | 0.371 6 13
6 10 36 10 44 | 0192 | 23 67 | 0.244| 19 58
7 2 2 2 3 0.012| 51 82 | 0.017| 50 94
8 4 19 5 33 | 0.019| 29 121 | 0.053| 13 93
9 1 3 1 4 0.006 | 11 61 | 0.010| 10 63
Avg. 7.0 26.0 | 5.1 26.8 3.4 6.7 3.4 8.0
1-3
Avg. 4.5 159 | 49 20.7 20.5 | 58.7 17.0 | 55.3
4-9
ASTM | 24 5.4 3.0 6.5
Jr>1 4.6 9.1 5.7 7.9
1-0.26| 54 12.7 55 13.9
0.251| 13.7 | 16.7 9.5 15.2
h<0.1| nla n/a n/a n/a

For the past five years, MAR@searcherbave analyzedhe variability of various tests
for the Wesern Cooperative Testing Gro/CTG). Approximately 40 labs have educted the
MSCR procedure on 4Minders in the past 5 yearBable 14 shows acoefficient of variation
sumnary for all binders tested for the MSCR as part of the WCTG. Where the coefficient of
variation is equal to the standard deviation divided by the averalge measurement for each

binder.
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Table 14- Variability analysis conductedn 44binders from 40 different laboratories as part

of the WCTG
COV Comparison of Superpave PG Plus Tests, 2042015 samples
Test Maximum | Minimum | Average| Median
Jnr, 0.1 kPa @ PG Temp. 98.8% 4.2% 19.1% | 12.3%
Jnr, 3.2 kPa @ PG Temp. 198.4% 4.6% 22.6% | 15.1%
% Rec, 0.1 kPa @ PG Temp. 26.6% 1.1% 5.0% 4.2%
% Rec, 3.2 kPa @ PG Temp. 58.4% 1.4% 11.6% | 8.2%

Fromthis analysis, the median and average coefficient of variatiearound 1620%. Given that
thedata waseported for random operators and DSR uofacturers the results show that the test

can be run with relatively low variability. There ah@wever,outliers in thedata that resulted in

very high COVs for some bindersFor the statistical analysis conducted on the PG grading
parameters, the maximu coefficient of variationis around 20%; much lower than the 198%
calculated for the MSCR. To understand if the outliers were due to lack of familiarity with the
procedure, the statistical analysis was broken down by durations of time to track the sample
variability. For each time duration, the COV values were categorized as follows: COV less than
10%, COV greater than 10% but less than 20% and so on up to 60%urmber of binders that

fall into each COV category were tabulated and summarizédhie15.

Table 15 Number of binders within eaclCOV category for the respective time frame.

20102015 | 20142015| 20162011
COV<10% 4 1 3
10%<COV<20% 18 6 7
20%<COV<40% 14 4 2
40%<COV<60% 3 0 1
COV>60% 5 2 0
Total Binders 44 13 13

Regardless of when the binder was tested, approximately half of the binders galsbi@éN
values greater than 20%ypical PG tests had COV values lower than 10% for all binders and
none of the PG tests exceeded a COV @h2borm the WCTG data, treeare some concerns
regarding theMSCR repeatality since there are many binders with COV higher than 20%
However, analysis shown ifable 15 suggests thattate agencies shouttnsider alterations to
current MSCR procedure to ensure that the ilatetCOV valwes primarily occur at or belowd%

and high variability outliers are avoided

6.3 Correlation with performance

MSCR Jnr was developed to provide an indication of high temperature rutting resistance.
There have been a wide range of experimental studies aimed at understanding the correlation
between MSCR Jnr and accelerated performance testing. Overall, there appears to be a correlation
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between MSCR Jnr and high temperature rutting resistance. Howeaeéarpublication reviewed
by MARC researchers arrivesaunique solutionwith respecto howthe MSCR procedure should
be implemented to indicate rutting resistance, if at all. The following section will summarize
results of various studies that cortethMSCR test results with ademted performance testing

methods and provide supporting data from previous/current research being carried out by MARC
researchers.

Wasage et al. conducted wheel tracking and MSCR tests at 40, 50 advéth two
different asphalt binders. MSCR Jnr was compared with the wheel tracking rut depth at 10,000
cycles of loading. Results showed that the MSCR Jnr below 12.8 kPa correlated poorly with the
wheel tracking results while the MSCR Jnr at 12.8 kPa gave a linear torréavalue of 0.98.
Figurel5shows the correlation between whigacking rut depth and Jnr 52.8 kPa. These results
were expected because the strains experienced by the binder in the wheel tracker are much larger
than the 2 kPa standard stress level. The high correlation at elevated stress levels implies that use
of stress levels within the linear viscoelastic region may not be applicable to indicate the rutting
susceptibility of an asphalt bindehen comparing with wheélacking device testing
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& y=00011x
= R'=008
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Figure 15: Wheel tracking rut depth correlation with MSCR Jnr at 12.8 kPa.

Shenoy et al. conducted MSCR testing at stress levels of 0.05, 0.4, 3.2 and 26 kPa
binders used otwo Accelerated Loadingacility (ALF) test track. MSCR data was correlated to
rut depth and strain accumulatiéor each test trackhat were constructed in 2002 and 1993.
Results of the study are shownTiablel6andTablel7. Correlations varied widely depending on
when thepavement was constructeBflSCR stress leveland the rutting parameters used for
comparison. Results from the test traakvedin 1993 showed the highest correlation with MSCR
Jnr values, but the bindeused in this study were primarily unmodified. When modified binders

were incorporated into th2002 study, very low correlations were observed for all stress levels
and correlation fitting equations.
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Table16: Comparison of MSCR dr and asphalt mixture rut depth/accumulated strain from
2002 ALF test track.

Table 6a. Using binders from Set 1, data at 64°C and correlation coefficients for (1 — (1 /tan 8sin 8))/|G*| from the dynamic
oscillatory test and for Jui from MSCR test at different stress levels.

Binder (continuous PG) AC rut depth in mm at (1= (1/tan 6sind))/ Jne @ Jnr @ Jnp @ Jnr @
lane number section number 40,000 wheel passes |G*| 50Pa 400 Pa 3200 Pa 25600 Pa
CR-TB (79-28) L5S! 8.8 0.00049 0.099 0.116 0.123 0.250
Temolymer (74-31) LI2S1 11.8 0.00128 0.376 0458 0528 0.933
SBS LG (74-28) L4S1 12.1 0.00165 0.165 0.194 0.192 0.547
SBS LG (74-28) L11S1 13.4 0.00165 0.165 0.194 0.192 0.547
Air-blown (74-28) L10S1 15.7 0.00218 0557 0712 0.786 1.683
Unmodified (72-23) L8S1 15.7 0.00450 1.236 1.595 1.736 3.084
Terpolymer (74-31) L6S1 18.0 0.00128 0376 0458 0528 0.933
SBS64-40 (71-38) L9S1/S2 19.5 0.00058 0.037 0.042 0.039 0.073
Considering all the above eight Linear fit R*> = 0.027 0.038 0.039 0.042 0.035
Considering only the first six Linear fit R* = 0.66 053 053 053 0.63

Table 6b. Using binders from Set 1, data at 64°C and correlation coefficients for (1 — (1 /tan&sin 8))/|G*| from the dynamic
oscillatory test and for Jyp from MSCR test at different stress levels.

Binder (continuous PG) Number of load (1 — (1/tan &sin 8))/ Jnr @ g @ Jnr @ Jnr @
lane number section number passes to 10% strain |G*| 50Pa 400 Pa 3200 Pa 25600 Pa
CR-TB (79-28) L5S1 82375 0.00049 0.099 0.116 0.123 0.250
Temolymer (74-31) L12S1 1.69.525 0.00128 0.376 0.458 0.528 0.933
SBS LG (74-28) LAS1 14,450 0.00165 0.165 0.194 0.192 0.547
SBS LG (74-28) L11S1 71,950 0.00165 0.165 0.194 0.192 0.547
Air-blown (74-28) L10S1 33,550 0.00218 0.557 0.712 0.786 1.683
Unmodified (72-23) L8SI 30,350 0.00450 1.236 1.595 1.736 3.084
Terpolymer (74-31) L6SI 2650 0.00128 0.376 0.458 0.528 0.933
SBS64-40 (71-38) L9S1/S2 18,337 0.00058 0.037 0.042 0.039 0.073
Considering all four binders "Linear fit R* = 0.04 0.01 0.01 0.01 0.01
Considering first three binders "Linear fit Rf = 021 0.07 0.07 0.06 0.10
Considering all four binders *Power fit R* = 0.03 0.003 0.003 0.005 0.002
Considering first three binders *Power fit R* = 020 0.02 0.02 0.01 0.05

' Linear equation: y = Ax + B.
* Power equation: y = Ax®.

Table17: Comparison of MSCR Jnr anéccumulated strain from 1993 ALF test track.

Number of load (1 = (1/tan &sin 8))/ Jnr @ Iy @ Jnr @ Jnr @
Binder passes to 10% strain |G*| 50 Pa 400 Pa 3200 Pa 25.600Pa
AC-5 560 0.012 0919 1.178 1.335 7.299
AC-10 1800 0.006 0.870 1.115 1.220 2471
AC-20 2600 0.003 0516 0.663 0.705 1.256
Styrelf 4,90.000 6.17246 x 10 ° 0.055 0.064 0.063 0.078
Considering all four binders "Linear fit R* = 0.43 0.80 0.80 0.78 0.32
Considering first three binders "Linear fit R* = 0.99 0.74 0.74 0.79 0.96
Considering all four binders *Power fit R? = 0.99 0.98 0.98 0.98 0.97
Considering first three binders *Power fitR? = 0.91 0.56 0.56 0.60 0.97

" Linear equation: y = Ax + B.
* Power equation: y = Ax o

Blazejowski et al. correlated MSCR testing with performance testnthree different
types of aggregate mixture designs including: SMA mixtures, standard densely graded asphalt
concrete mixtures and high modulus asphalt concrete mixfd8¢s Each aggregate mixeir
design was combined witlive different asphalt binders. A wheel tracking device was used for
performance testingf the mixturesat 60 C\ollowing the EN 1269722 standardTwo different
parameters were uséwm the wheel tracking testProportional Rut Depth (PRR) and Wheel
Tracking Slope (WT&r). Where a lower PREr and WTSr is indicative of higherutting
resistance. LinedR? correlatons between binder and mixture testiage shown irTable18 and
Table 19. Results she moderateto goodcorrelations betwaewheel tracking parameters and
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MSCR Jnr However, the R correlatiors were different for each type of mixture design.
Differences in correlation values were attributed to the different degrees of aggregate interlock for
each mixture deign type. For SMA mixtures, the rutting resistance is more reliant @ckimggp
angulaity and frictionbetween aggregate particles and thus the binder propawtiestcontribute

as much tghe overallrutting resistancef the mixture

Table 18 Relationship between binder properties and proportional rut depth RRI[X9].

PRDr
Properties: R’ determination coefficient

AC WMSI16 AC 16W SMA 11
Penetration @25°C [0,] mm] 0.7239 0.7109 0.3533
Softening Point R&B [°C] 0.7525 0.9099 0.7872
Brookfield Viscosity @60°C [Pa*s] 0.000008 0.9835 0.7590
Brookfield Viscosity @135°C [Pa*s] 0.4248 0.9794 0.7031
MSCR: Jnr @0.1 kPa, @64°C [kPa"'] 0.9390 0.8270 0.7921
MSCR: Jnr @3 .2 kPa, @64°C [kPa™'] 0.8164 0.8140 0.7833
MSCR: Jnr diff, @64°C [%] 0.8340 0.8265 0.6745
MSCR: Jnr @0.1 kPa, @70°C [kPa™'] 0.9422 0.8326 0.8239
MSCR; Jnr @3 .2 kPa, @70°C [kPa'] 0.8541 0.8113 0.7799
MSCR; Jnr diff, @70°C [%] 0.8867 0.9822* 0.5687

* - one outlier value was discarded
Table19: Relationship between binder properties and wheel tracking slope W&I[89].

WTSik
Properties: R’ determination coefficient

AC WMSI16 AC 16W SMA 11
Penetration @25°C [0,] mm]| 0.7267 0.5757 02174
Softening Point R&B [°C] 0.6462 0.9081 0.5710
Brookfield Viscosity @60°C [Pa*s] 0.00001 0.9396 0.5968
Brookfield Viscosity @135°C [Pa*s] 0.3604 0.9791 0.5185
MSCR; Jnr @0.1 kPa, @64°C [kPa'] 0.8821 0.8159 0.7035
MSCR; Jnr @3.2 kPa, @64°C [kPa™'] 0.7764 0.8031 0.6591
MSCR; Jnr diff, @64°C [%] 0.7229 0.8326 0.6107
MSCR; Jnr @0.1 kPa, @70°C [kPa™'] 0.8874 0.8422 0.6250
MSCR: Jnr @3.2 kPa, @70°C [kPa'] 0.8141 0.8137 0.5490
MSCR; Jnr diff, @70°C [%] 0.7828 0.9977* 0.3832

* - one outlier value was discarded
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A study conducted as part of the Wisconsin Highway Research RragraparedMSCR
Jnr values witlpavementut depth for six different test sections at the MnRoad research facility
[50]. Each of the test secti@ontained the same aggregate gradation, but different asphalt binders.
Each binde containedhe same asphalt binder source, but was modified with different additives
with one control. Rut depth was monitoried each test sectioand Figure 16 shows the linear
correlation between rut deptifter 30 months ofemitruck loadingwith MSCR Jnrand the
standard high temperature PG parameter
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Figure 16- Correlation between MSCR Jnr, PG Parameter and Rut Depth on a MnRoad test
track after 3 months.

Neither the MSCR Jnr nor the PG parame®orrelated with the MnRoad test section rut depth
after 30 months.

As part of the WCTG, 1d8ifferent mixture designs were tested for flow number and the
corresponding Jnr was measured for compaait CNCorrelation between Jnr measurements
and Flow Number were best fit using the power,lagvshown ifrigurel17.
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Figure 17- Power law fit between Jnr and Flow Number results fa2 different mixturesand
binders from the WCTG.

Results show a moderate correlation between Jnr and Flow Number. When compared with
standard limits in AASHTO M332, the results foffigure 17 suggest that specification limits
should be set on log dearatherthan using a 50% reduction in Jnr for each level of increased
traffic.

6.4MSCR Summary

There are two documents that outline how the MSCR procedure should be conducted and
implemented into current state agency specificati@@?sSHTO T350 and AAHTO 32). The
averagenonrecoverable creep compliance, Jnraiprimary output of the procedure and can
indicate the rutting resistance of an asphalt binder. Average percent recovery, %R, can be used in
conjunction with the Jnr parameter to indicate the mresef a polymer. Based dine review of
the various studies that have been conducted on the MSCR procedure, the following should be
taken into consideration befoaestate agencgan successfullymplementhe MSCR

1) A decrease in Jnr has been correlatedat increase in rutting resistance, budies
conducted with multiple mixture designs and pavement test tracks have showrnwery lo
correlations with MSCR JnAlterations to the curre®ASHTO M332 specificatiohimits
shoud be considered basemh a conprehensive set of mixture desigasd modified
binders to avoid an experimental bias

2) Number of cycles within a given stress step changes the resulting Jnr and %R
measurement3he more cycles that are applied to a given stezss (0.1 kPa pr 3.2 kPa)
the more repeatable the MSCR measurements. Addi@gycles may result in a MSCR
procedure that is too long for industrial applications,usihg only 10 cycleor the 3.2
kPa stress steguld be misleadingd reasonable compromise is needed.

3) Variahlity analysis conducted on binders as part of the W@h&an ASTM competence
studyshowedvery highinter-lab variability. Therefore alterations to the procedure should
be considered to reduce variabilityléwelssimilar to that of current P@&sts.

4) Applied stress and stress history change the resulting Jnr and %R differently for different
types of polymer modified asphaltn investigation into what stress level(s) best represent
the stresswithin the asphalt binder®f mixtureswith traffic loading nay validate or
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guestion use of the current MSCR stress levels (0.1 and 3.2 kPa). égendihg on how
the sample is prepared, the stress state of the sample prior to testing can drastically affect
the resulting Jnr measurements.

7. Future Work Plan

This rgport was completed to meet the objectives outlinéd@a #1 of the pooled fund project
work plan, which included a detailed literature review of the PG + used by partners of the Pooled
Fund Roject andcommentary regardindpe MSCR test procedure and il@mmentationFindings
from the literature reviewave identifiectritical shortcomings ofurrentPG+ testard alternative
test methods werproposed at the annual meeting. Currently, testing is underway to meet the
objectives outlined foArea #2 of the pooled fund work plan. Objectives féwrea #2 are as
follows:

1 Candidate test methodientifiedto address concerns with current PG+ test metiltls
be included in a testing programable 20 summarizes all newlydentified PG+ test
methods that may be able to mitigate concerns with the current PG+ test methods.

Table20-Candidate Test Methods to replace current PG+ test methods.

Current Partner
X Candidate Replacement
PG Plus | States Using Testf Current Research Needs
Test Test '
Phase Wi MSCR: Establishing correct test
Angle temperatures, assessing need for

adjusting %R and Jnr limits to reflect
MSCR Percent Recovery | regional materials.

. . MSCR (MP-19)
Elastic ID. KS, OH. | Ejastic Recovery - DSR | ER-DSR: Adjusting limit for DSR-

Recovery Wi based test as it will be ~15% lower
than AASHTO T301 results (see
supporting information).

Ductility OH (P;:I;l\u,lé‘ll.)\ll_:‘l()l,_'F‘I(h.l"':\ Test BYET: Reclassification of regional

R materials as shear vs. extensional tests

Toughness Binder Yield Enerov Test | ive significantly different rankings

and OH (BYET) @ 4°C . (see supporting information).

Tenacity

1 Introduce new damage resistance based test methods as a complimepieonesipto
current PG plus testinghe goal of damage resistance testing is to provide a binder test
the directly correlates with actual mixture performance. Support for implementation of
damage tolerance test methods will be provided by the resultxtfrentesting phase of
the pooled fund work plan iviear 2.

1 Support implementation of select test methods through establishing test precision, test
ruggedness, preparation of commentary on existing draft AASHTO standards, and other
training materials.
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1 Prepare a final report that documents results, summarizes findings, draw conclusions and
presents: (a) introduction of selected PG+ test from a range of current and suggested
alternative test procedures, (b) single lab and multi laboratory precision stttemen
ruggedness results for each selected tests, and (c) recommendation of the testing
procedure’s | imits and criteria to be appl

The aforementioned research objectivesiiiaa #2 were taken from the work plan
written at the beginning of tHéooled Fund Project. Objectives or goals of future work areas,
includingArea #2, can be modified to address concerns highlighted in this report.
Specifically, concerns related to MSCR specification may be a desirablechesgac for
Pooled Fund members.

38



8. References

[1]
[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

A. Golalipour, "Modification of Multiple Stress Creep and Recovery Test Procedu
Usage in SpecificationUniversity of Wisconsin M.S. Thes2§11.

A. Arshadi, "Importanceof Asphalt Binder Properties on Rut Resistance of As
Mixture," MS Thesis, University of Wiscond#adison,2011.

G. King, H. King, O. Harders, W. Arand and P. Planche , "Influence of Asphalt Gra
Polymer Concentration on the Low Temperatierformance of Polymer Modifiel
Association of Asphalt Paving Technologistd, 62, pp. 122, 1993.

A. Al-Hadidy and T. Ydqiu, "Effect of StyreneButadieneStyrene on the Properties
Asphalt and Ston#latrix-Asphalt Mixture,"American Socig of Civil Engineersyol. 23,
pp. 504510, 2011.

F. Olard, "GB5 Mix Design: High Performance and GEfective Asphalt Concretes
Use of Gapgraded curves and SBS Modified BitumenRgad Materials and Paveme
Design,pp. 234259, 2012.

A. Khodaii and A. Mehara, "Evluation of Permanent Deformation of Unmodified anc
Modified Asphalt Mixtures Using Dynamic Creep Tes€bnstruction and Buildin
Materials,vol. 23, pp. 2588592, 2009.

J. D'Angelo and R. Dongre, "Practical UseMiltiple Stress Creep and Recovery Te
Transportation Reserach Record: Journal of Transportation Research Bpprd,382,
20009.

A. Hanyu, S. Ueno, A. Kasahara and K. Saito, "Effect of the Morphology of SBS Mc
Asphalt on Mechanical Progers of Binder and Mixture,Journal of the Eastern As
Society for Transportation Studiesl. 6, pp. 11531167, 2005.

D. Little, A. Bhasin and R. Lytton, "Micromechanics Modeling of Performance of As
Concrete Based on Surface Energy,"Modeling of Asphalt ConcreteNew York, The
McGrawHill Companies, 2009, pp. 35301.

[10] C. Daranga, C. Clopotel and H. Bahia, "Replacing the Elastic Recovery Test of .

Binder with a DSR TestJournal of the Transportation Reserach Bo&@}0.

[11] AASHTO, "T51 Standard Method of Test for Ductility of Asphalt Materials," AASH

Washington D.C., 2009.

[12] ASTM, "D11307 Standard Test Method for Ductility of Bituminous Materials," AS

International, West Conshohocken, PA, 2007.

[13] AASHTO, "T300 Forced Ductility Test of Asphalt Materials," AASHTO, Washington [

2011.

[14] H. A. Tabatabaee, C. Clopotel, A. Arshadi and H. Bahia, "Critical Problems with Us

Asphalt Ductility Test as a Performance Indicatdmansportation ResearcBoard, vol.
2370, no. Aspahlt Materials and Mixtures Vol. 1, pp:984 2013.

39



[15] F. L. Roberts, P. S. Kandhal, R. E. Brown, D. Y. Lee and T. W. Kennedy, "Hot Mix A
Materials, Mixture Design and Constructiorational Asphalt Pavement Assoobai
Research and Education Foundation). 2, pp. 4748, 1996.

[16] R. C. Clark , "Practical Results of Asphalt Hardening of Pavement Efegeedings of tr
Association of Asphalt Paving Technologigis, 196597, 1958.

[17] P. C. Doyal, "Crackig Characteristic of Asphalt CemenA%sociation of Asphalt Pavi
Technologistspp. 581597, 1957.

[18] W. J. Halstead, "The Relation of Asphalt Ductility to Pavement Performafssdciatiot
of Asphalt Paving Technologistsp. 247270, 1962.

[19] R. H. Lewis and J. Y. Welborn, "Report on the Properties of the REsidues60f &@d 85
100 Penetration Asphalts forn Oven Tests and ExposaAssdciation of Asphalt Pavil
Technologistspp. 1268\, 1940.

[20] H. W. Skidmore, "The Effect of Oxidatn Upon Ductility of Asphalt Cementsissociatiol
of Aspahlt Paving Technologists. 6986, 1940.

[21] C. J. Glover, R. R. Davidson, C. H. Domke, Y. Ruan, P. Juristyarini and D. B.
"Development of a new method for assessing asphalt bindeorperice durability,
FHWA/TX02/18721,2011.

[22] P. S. Kandhal and M. E. Wenger, "Evaluation of Properties cRB@sphalt Cements
Transportation Research Recokayl. 468, pp. 564, 1973.

[23] B. A. Vallerga and W. J. Halstead, "The Effectaéld Aging on Fundamental Propertie:
Paving Asphalts,Highway Research Recomnolp. 7192, 1971.

[24] R. C. Clark, "Practical Results of Asphalt Hardening on Pavement [Ri@teeding
Association of Asphalt Paving Technologistd, 27, pp. 196208, 1958.

[25] J. Goodrich, "Asphalt and Polymer Modified Asphalt Properties Related to the Perfo
of Asphalt Concrete MixesJournal of the Association of Aspahlt Paving Technologis
57, 1988.

[26] R. E. Reese and J. L. Goodrich, "Catifia Desert Test Road Step Closer to Performar
Based SpecificationsProceedings of Association of Asphalt Paving Technologists62,
pp. 247313, 1993.

[27]W. C. Vonk and J. Korenstra, "The Relevance of Ductility Specifications for Pc
Modified Bitumen,"Eurobitumen Congres2008.

[28] ASTM, "D5801%12 Standard Test Method for Toughness and Tenacity of Biturr
Materials,” ASTM International, West Conshohocken, PA, 2012.

[29] J. R. Benson, "New Concepts for Rubberized Asphd®satls and Street#pril 1955.

[30] D. C. Thomson, "Bituminous Materials: Asphalts, Tars, and Pitch&gtscienceyol. 1,
pp. 386388, 1964.

[31] H. L. Robinson, M. B. Taylor and D. J. Tosh, "Toughness/Tenacity Analysis of Bitu
Highwayspp. 4-17, January 1991.

[32] D. J. Tosh and R. Morin, "Building Seals and Seala&S,;TM STP 60¢p. 167169, 197€

40



[33] L. JyuDong, C. ShiiRHuang, L. Pei and W. Jiadeg, "Modified Toughness Used
Evaluate the Effect of Polymer Modified Aspahlt®KNIA," Journal of the Chinese InistitL
of Engineersyol. 24, no. 7, pp. 1023020, 2004.

[34] J. M. Wang, "The Study of Polymer Modified Asphalt,” Taoyuan, Thaiwan, 2000.

[35] P. A. Tsai, W. C. Chen and J. S. Chen, "Final Report on EstablishiagdRships betwes
Fundamental Asphalt Properties and Flexible Pavement Distresses," Taiwan, 2000.

[36] U. Isacsson and X. Lu, "Testing and Appraisal of Polymer Modified Road BiturSégits
of the Art," Materials and Structuresiol. 25, pp. 139159, 195.

[37]J. D'Angelo, "New High Temperature Binder Specification Using Multistress
Recovery, Transportation Research Boanop. 1-14, 2010.

[38] R. Anderson, J. D'Angelo and J. Bukowski, "Evaluation of the MSCR Test for Ca
Asphalt Bindes," Proceedsing of the Fift@ixth Annual Conference of the Canac
Technical Asphalt Associatiopp. 6182, 2011.

[39] J. D'Angelo, R. Dongre and G. Reinke, "Evaluation of Repeated Creep and Recov
Method as an Alternative to SHRP+ Requireradat Polymer Modified Asphalt Binder:
Canadian Technical Asphalt Association Proceedipgs 143162, 2006.

[40] O. Laukkanen, H. Soenen, T. Pellinen and G. Lemoine, "Creep Recovery Beh:
Bituminous Binders and Its Relation to Asphalt Mixt&etting," Materials & Structures
2014.

[41] T. Wasage, J. Stastna and L. Zanzotto, "Rheological Analysis of -Mrd8s Cree
Recvoery (MSCR) TestJhternational Journal of Pavement Engineering|. 12, no. 6, pf
561-568, 2011.

[42] T. Mandal, R Sylla, H. Bahia and S. Barmand, "Effect of Cragsing Agents on th
Rheological Properties of Polymbfodified Bitumen," Road Materials and Paveme
Design,vol. 16, no. 1, pp. 34861, 2015.

[43] A. Shenoy, "Nonrecovered Compliance From Dynamiccifasory test visavis
nonrecoverd compliance from multiple stress creep and recovery test in the dynan
rheomter,'International Journal of Pavement Engineeringl. 9, no. 5, pp. 32341, 2008

[44] H. Bahia, H. Tabatabaee, C. Clopotel and=&lalipour, "Evaluation of the MSCR Test
Modified Aspahlt Binder SpecificationCanadian Technical Asphalt Association (CT/
pp. 203222, 2011.

[45] M. Domingos and A. Faxina, "A Credpecovery Behavior of Asphalt Binders Modif
with SBS andPPA," Journal of Materials in Civil Engineeringol. 26, no. 4, pp. 78183,
2014.

[46] A. Diab and Z. You, "Evaluation of Foabased Warm Mix Asphalt Modified with Nar
sized Hydrated Lime Using Multiple Creep and Recovery Tes&| Congresspp. 230
238, 2014.

[47] R. Delgadillo, H. Bahia and R. Lakes, "A nonlinear constitutive relationship for a
binders,"Materails and Structuresjol. 45, pp. 457473, 2012.

41



[48] H. Soenen, T. Blomberg, T. Pellinen and O. Laukkanen, "The Multiple sSCesep
Recovery Test: A Detailed Analysis of Repeatability and ReproducibiRgdd Material:
and Pavement Desigwol. 14, no. 1, pp.-41, 2013.

[49] K. Blazejowski and B. Dolzycki, "Relationships between Asphalt Mix Rutting Resis
and MSCR TedResults,'Design, Analysis, and Asphalt Material Characterization for F
and Airfield Pavementgp. 202209, 2014.

[50] H. Bahia, H. Tabatabaee, T. Mandal and A. Faheem, "Field Evaluation of Wis
Modified Binder Selection Guideling3hase II,"Wisconsin Highway Research Progr:
009213-02,2013.

[51] Y. Becker, M. Mendez and Y. Rodgriguez, "Polymer Modified Asphaltjsion
Tecnologica2001.

[52] J. Greene, B. Choubane and S. Chun, "Evaluation of a Heavily Polymer Modified
throughAccelerated Pavement Testinglfesented at the Transportation Reserach B
92nd Annual Meetin@013.

[53] S. Vahidi, W. Mogawer and A. Booshehrian, "Evaluating the Effects of Ground Tire F
(GTR) Modified Asphalt and Dry Added Treated GTR oa Berformance Characterist
on RAP Mixtures, Transportation Research Board Annual Meetid@13.

42



9. Appendix A
PG+ Survey Questioner

Exanple for the Phase Angle

43



MODIFIED
ASPHALT

RESEARCH (o uNEs sy
CENTER WISCONSIN

LOMLOT] Kansas

DEPARTMENT OF TRANSPORTATION " )
Department of Transportation

Modified Binders (PG+) Specifications Pooled Funds Questionna
December 2014

Dear Colleague,

The University of WisconsiMadison and the Modified Asphalt Research Center
(MARC) as part of the Modified Binders (PG+) Specifications Pooled Funds Project
will conduct a survey in order to achieve a better undersigrafi current PG plus
specification and. A segment of our research approach is to overview information
obtained through a questionnaire study. The following questionnaire has been
prepared with focus on justification of currently used PG plus methodsaits] |

We would like to ask each state partner to answer to questions regarding the test they
are currently conducting in their agency as part of the PG plus requirement.

We would greatly appreciate your contribution to this study. Please complete and
return the questionnaire and also, if possible, any related document to your answers
by January 8tlo the email address provided in the following:

teymourpour@wisc.edu
608-890 3321
Pouya Teymourpour
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(Property) i Example for Phase Angle

Phase angle (0) is defined as the | ag between
on the tested material as shown in Figure 1. It is an important parameter describing the viscoelastic
property of material such as asphalt binder. Thgelathe phase angle, the more viscous the
material. Phase angle can be obtained from Dynamic Shear Rheometer (DSR) testing together with
complex shear modulus for asphalt binder. AASHTO T315 and ASTM D7175 specify the testing
procedures for complex modulaed phase angle of asphalt binder using DSR. Lower phase angle

is preferable indicating higher elasticity and better ability of recovery after deformation. Among

the five partner states, only Ohio and Wisconsin specify the limits for phase angle offifiedmo

binder to ensure its elasticity and proper modification

1. Is the test needed?
a. If yes what is the specific objective (what failure are we preventing)?

b. Is there clear evidence the test can dd?this

2. Can we agree on one method of test?
a. If yes should it be in DSEhew methodspr should we stay withurrent
procedure®

b. Do we need the AASHTO standard for the new me?hod




3. Can we agree on one set of limits to be used?
a. What is the reason behind selecting the current?imit

b. How to go about establishing limits

c. Mix data, field performance, or expert opinion?

d. Do we need a database?
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