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FOREWORD

By Staff
Transportation Research
Board

This report presents the findings of a research project to evaluate the applicability of
AASHTO MP1, “ Standard Specification for Performance Graded Asphalt Binder,” to mod-
ified asphalt binders. Its main finding is that the current AASHTO MP1 specification typi-
cally underestimates the potential performance of modified asphalt binders; changes to the
specification and its supporting test methods are recommended to remedy thissituation. The
report will be of particular interest to materials engineersin state highway agencies aswell
asto materials suppliersand paving contractor personnel responsiblefor the production and
use of modified asphalt binders for hot-mix asphalt pavement construction.

Modification of asphalt binders can serve severa purposes. It can enhance the overall
performance of a binder by widening the range between the binder’s high- and low-
temperature grades, or it can target a specific improvement in a binder’s performance in
response to a particular severe-service condition, such as a pavement carrying avery high
traffic volume or a high percentage of slow-moving, heavy vehicles.

Many diverse materials are added to neat asphalt cement as modifiers. The elastomers
styrene-butadiene rubber and styrene-butadiene-styrene block copolymer are widely used.
Plastomers such as polyethylene and ethylene vinyl acetate are also marketed as modifiers,
as are hydrated lime, elemental sulfur, gilsonite, and crumb rubber prepared from scrap
tires. However, modification may also entail processing neat asphalt cement to enhanceits
performance; airblowing (i.e., oxidation) and steam distillation are good examples of such
processes.

Estimates of the extent of use of modified asphalt binders in hot-mix asphalt (HMA)
pavement construction vary, but it is likely that modified binders represent as much as
15 percent of the total annual tonnage of asphalt binder used in the United States; this per-
centage is expected to increase in the coming decade. These binders represent a significant
cost component of HMA construction. Depending on the type of modification, the cost per
ton of amodified binder may be 50 to 100 percent greater than that of neat asphalt cement,
tranglating to an increase of 10 to 20 percent in the cost of in-place HMA.

These increased costs are reasonable if modified asphalt binders truly improve pave-
ment performance to the degree expected. From 1987 through 1993, the Strategic Highway
Research Program (SHRP) carried out amajor research program to devel op the Superpave®
performance-based specifications and test methods for asphalt binders and similar tests and
amix design practice for HMA mixes. One goal of this program was to make the specifica
tions and tests “transparent” to the use of modified binders—that is, to ensure that the spec-
ifications would accurately measure the enhanced performance characteristics of the modi-
fied binders. However, the SHRP asphalt research was carried out amost exclusively with
unmodified asphalt cements, so the applicability of the Superpave specifications and test
methods to modified binders was not vaidated.

In practice, modified asphalt binders graded according to the requirements of
AASHTO MP1 do show marked improvements in selected performance characteristics
compared with neat asphalt cements. However, users and producers of modified asphalt
binders remain concerned that the current specification and test methods do not fully mea-
sure the performance enhancement contributed by the modification.



Under NCHRP Project 9-10, “ Superpave Protocolsfor Modified Asphalt Binders,” the
Asphalt Institute of Lexington, Kentucky, supported by the University of Wisconsin
Asphalt Group of Madison, Wisconsin, and the National Center for Asphalt Technology of
Auburn, Alabama, was assigned the tasks of recommending changesto AASHTO MP1 and
its supporting test methods to fully characterize modified asphalt binders and validating
those recommendations through laboratory performance testing of modified HMA.

The research team (1) surveyed highway agencies and materials suppliers on the use
and performance of modified asphalt binders; (2) planned and carried out acomprehensive
laboratory testing program to fully characterize a large, representative set of modified
binders; (3) explored possible changesto the current AASHTO MP1 and its supporting test
methods to better characterize the performance of modified binders; and (4) carried out a
program of laboratory performance testing of modified HMA mixes to validate the effec-
tiveness of the potential changes to the binder specification and test methods.

The research team found that the current AASHTO MP1 specification does not ade-
quately characterize the performance of modified asphalt binders; typically, the binders
potential performanceis underestimated. The concepts of viscous flow and energy dissipa-
tion were explored in an effort to derive binder parameters that more effectively relate
binder to mixture performance. Suggested specification parameters and test protocols were
developed for three concepts: (1) permanent deformation, the viscous component of the
binder creep stiffness, G,, measured by arepeated creep test in the dynamic shear rheome-
ter (DSR); (2) fatigue cracking, the number of cycles to crack propagation, N,, measured
by a repeated cyclic loading test in the DSR; and (3) low-temperature cracking, a direct
measurement of the binder’ s glass-transition temperature combined with failure stress and
strain for aregion-specific design cooling rate measured with the bending beam rheometer
and the direct tension device. In addition, the research developed apracticeinthe AASHTO
format for characterization of modified asphalt binders and new test methods for storage
stability, particulate additive content, and laboratory mixing and compaction temperatures.
Finally, the research found that the current Superpave mixturetests (AASHTO TP7, “ Stan-
dard Test Method for Determining the Permanent Deformation and Fatigue Cracking Char-
acteristics of Hot Mix Asphalt [HMA] Using the Simple Shear Test [SST] device,” and
TP9, “Standard Test Method for Determining Creep Compliance and Strength of Hot Mix
Asphalt [HMA] Using the Indirect Tensile Test Device”) satisfactorily characterize the per-
formance of modified HMA mixes.

Thisfinal report includes a detailed description of the experimental program, adiscus-
sion of the research results, and five supporting appendixes:

» Appendix A, Summary of Mix Designs;

» Appendix B, Internal Advisory Group;

» Appendix C, Practice for Laboratory Evaluation of Modified Asphalt Binders;

» Appendix D, Results of Survey of Modified Asphalts; and

» Appendix E, Recommendations for Changes to the Present AASHTO Standards.

The entire fina report, including all appendixes and several previously unpublished
interim and topical reports, along with selected interim reports and the final reports for
NCHRP Projects 9-14 and 9-19, will be distributed as a CD-ROM (CRP-CD-9). The
research results have been referred to the TRB Binder Expert Task Group for itsreview and
possible recommendation to the AASHTO Highway Subcommittee on Materials for adop-
tion as new or revised specifications, test methods, and recommended practices.
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SUMMARY

CHARACTERIZATION OF
MODIFIED ASPHALT BINDERS IN
SUPERPAVE MIX DESIGN

This report documents and presents the results of a study of the applicability of the
Superpave® specification and protocols developed for asphalt cements to modified
asphalt binders. A survey of users and suppliers of modified binders indicated the exis-
tence of awide variety of modifiersthat are used either routinely or on an experimental
basisto produce PG grades. The survey also indicated that a majority of state agencies
intend to increase the future use of modified binders. However, serious concernsremain
about the lack of knowledge about how modified binders affect performance, aswell as
with issues related to storage stability, suitability of the Superpave aging procedures,
and the lack of protocolsto determine mixing and compaction temperatures.

The focus of NCHRP Project 9-10, “Superpave Protocols for Modified Asphalt
Binders,” was on solving the most cited concernsin the survey. To evaluate the appli-
cability of Superpave rheological protocols to modified binders, advanced rheological
characterization of a selected set of 50 binders was conducted to define the range in
properties of commonly used modified binders. The binders included performance
grades varying between PG 82-22 and PG 58-40 that were produced with two base
asphalts and 17 types of generic modifiers. The results indicated that the simplifying
assumptions in the current Superpave specification (AASHTO MPL, “ Standard Speci-
fications for Performance Graded Asphalt Binder”) limit its applicability to the major-
ity of the modified binders tested. Moreover, the results indicated that many modified
binders are highly nonlinear and sensitive to mechanical working. Finally, it wasfound
that the modified binders vary significantly in their sensitivity to traffic speed, to traffic
volume, and to stress or strain level that varies according to pavement structure.

Based on thisfuller understanding of modified binder behavior, specialized rheol ogi-
cal and failure characterization of aselected set of ninebindersand 36 mixtureswas con-
ducted using revised protocols based on the binder testing equipment developed under
the Strategic Highway Research Program. The selected set included binders modified
with elastomers and plastomers or modified by oxidation. The mixtures were produced
with limestone and gravel aggregates, each combined in a fine and a coarse gradation
that meet the Superpave mixture requirements. The results indicated that the present
AASHTO MP1 specification parameters did not currently rank the modified bindersrel-
aive to their contribution to mixture damage. The concepts of nonlinear viscoel asticity
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and energy dissipation were explored to derive better binder parameters that can more
effectively relate binder to mixture behavior. It was found that characterization of dam-
age behavior of bindersis necessary and can be achieved using the test equipment cur-
rently supporting AASHTO MP1 with modification of protocols. Test protocols and
specification parameters were developed as means to integrate the new conceptsin a
future specification.

To establish a better rating of the role of binders in mixture rutting, the parameter
G., defined as the viscous component of the creep stiffness, is recommended to replace
the current binder parameter G*/sind. This parameter is measured with anewly devel-
oped repeated creep test conducted with the dynamic shear rheometer (DSR).

To establish a better rating of the role of binders in mixture fatigue, the parameter
N,, defined as the number of cycles to crack propagation, is recommended to replace
the current binder parameter G*sind. The new parameter is measured with a newly
developed repeated cyclic loading conducted with the DSR.

Asfor thermal cracking, the study focused on measuring the effect of modifiers on the
binder’ sthermo-volumetric and failure properties. Binders of equal PG gradewerefound
to vary significantly in their glass transition behavior, in their low temperature ductility
(i.e., strain at failure), and in their strength (i.e., stress at failure). Cooling rate plays a
rolein changing failure properties and thermal stress development. The effect of cooling
rate is highly modifier specific. It is, therefore, recommended that that binder specifica
tion include adirect measure of the glass transition temperature and a consideration of a
region-specific design-cooling rate.

Revisions to the binder grading system are also suggested to include a three-level
grading scheme depending on which factors are considered in the binder selection. For
Level | grading, only climate is considered; for Level |1, traffic conditions are added;
and for Levd Il1, climate, traffic, and pavement structure are all considered.

A storage stability test and a particulate additive test were also developed and pro-
posed as standard tests to evaluate modified binders. The concept of low shear viscosity
wasintroduced to evaluate the effect of maodified binders on laboratory mixing and com-
paction, and aviscosity level was selected to avoid excessive heating and to consider the
shear-rate dependency of modified binders.

Superpave mixture testing protocols were also evaluated for their effectivenessin
characterizing the performance of mixtures produced with modified asphalts. Itisfound
that the frequency sweep constant height (AASHTO TP7) procedure could be made
more useful by considering the effect of pavement structure through using multiple
strain levels during testing. The repeated shear constant height (AASHTO TP7) was
modified to include higher stress levels and higher temperatures. Although the beam
fatigue (AASHTO TP8) test was found to be useful, its protocol could be more effec-
tiveif the test is extended to a greater number of cycles and if the results are analyzed
in light of the concept of dissipated energy ratio by defining the number of cycles at
which crack propagation starts. Low-temperature testing of mixtures was found to be
more effective when the optional 1,000-s testing time was used.

Although the suggested test protocols and specification revisions are based on known
scientific concepts and were shown to improve the correl ation between binder and mix-
ture behavior, afield validation plan is recommended to rigoroudly test the validity of
the concepts and derive specification criteria.




CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

This section of the report presents the statement of the
problem, objectives, and descriptions of the phases and tasks
of the research project.

1.1 STATEMENT OF PROBLEM

NCHRP Project 9-10, “ Superpave Protocols for Modified
Agphalt Binders,” was initiated to confirm whether the binder
and mixturetest methods of Superpave®, an asphalt—aggregate
mixture design and analysis system devel oped under the Stra
tegic Highway Research Program (SHRP), are generally suit-
ablefor use with modified asphalt binders. If they are not, the
Superpave methods may need to be altered to better charac-
terize modified binders and hot-mix asphalt (HMA) contain-
ing modified binders. By the same token, the specification
limits, criteria, and models developed through the SHRP
asphalt research program may require revision.

1.2 OBJECTIVES

The objectives of this research project were to

1. Recommend modificationsto Superpave asphalt binder
tests for modified asphalt binders, and

2. ldentify problems with the Superpave mixture perfor-
mancetestsin rel ation to mixtures made using modified
binders.

The project did not include a significant field validation of
theresults. Additional research work, using field performance
data from other projects, is needed to evaluate and refine the
findingsof thisproject. Thisadditional research, if conducted,
should be focused on establishing appropriate binder specifi-
cation limits for modified asphalt binders, as well as criteria
and model s for mixtures contai ning modified asphalt binders.

1.3 DESCRIPTIONS OF PROJECT TASKS

Thefollowing 11 tasks were undertaken to accomplish the
project objectives:

Task 1. Define, identify, and categorize asphalt modifiers;
evaluate available information and research (completed and

ongoing) on modified asphalt binders in the Superpave sys-
tem; survey organizations using Superpave binder and mix-
ture procedures; and determineissues associated with the use
of modified asphalt binders and any other information related
to the objectives of this project.

Task 2. Prepare an experimental plan and develop a pro-
tocol to fully characterize a representative set of modified
asphalt binders (i.e., base asphalt, modifiers, and levels of
modification).

Task 3. Not later than 6 months from project initiation,
submit an interim report documenting the results of the work
accomplished in Tasks 1 and 2, and provide a detailed plan
for Tasks4 and 5.

Task 4. Conduct the modified asphdt binder characteriza
tion program as approved in Task 3.

Task 5. Based on theresults of the Task 4 characterization
and any appropriate additional information, evaluate and rec-
ommend modification (if necessary) to the Superpave asphalt
binder teststo alow their use with modified asphalt binders.

Task 6. Prepare an experimental plan to evaluate the effect
of modified asphalt binders on the Superpave mixture perfor-
mance tests; include a consideration of materials and data
from the FHWA Long-Term Pavement Performance (LTPP)
Specific Pavement Studies (SPS-9), “Field Validation of the
SHRP Asphalt Specifications and Mix Design,” and NCHRP
Project 9-7, “Field Procedures and Equipment to Implement
SHRP Asphalt Specifications.”

Task 7. Not later than 12 months from the project initia-
tion, submit an interim report documenting the results of the
work accomplished in Tasks 1 through 6 and include alist of
AASHTO Superpave binder tests, standards, and specifica
tions proposed for modification; also list any new protocols
that need to be devel oped; and present the experimental plan
developed in Task 6.

Task 8. Conduct the mixture performancetest program as
approved in Task 6 on alimited number of materials.

Task 9. Evaluate and revisethe Superpave mixturedesign
mixing and compaction temperature requirements for modi-
fied asphalt binders; evaluate the effect of modified asphalt
binders on the quality control/quality assurance (QC/QA)
practice developed in NCHRP Project 9-7.

Task 10. Recommend detailed revisionsto the AASHTO
Superpave asphalt binder tests, standards, and specifications;
use AASHTO MP2 (“ Standard Specification for Superpave
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Volumetric [Level 1] Design”), AASHTO PP28 (* Standard
Practice for Superpave Volumetric [Level 1] Design for Hot-
Mix Asphalt [HMA]"), and AASHTO PP5 (“ Standard Prac-
ticefor Laboratory Evaluation of Modified Asphalt Binders’)
asreference materials; recommend revisions (if necessary) to
the NCHRP Project 9-7 QC/QA practice asit relates to mod-
ified asphalt binders; also recommend protocols for other
Superpave asphalt binder tests (as necessary) in AASHTO
format.

Task 11. Prepare afinal report that documents the entire
research effort and includes the Task 9 products as a stand-
alone appendix.

1.4 OBJECTIVES AND EXPERIMENTAL PLANS
OF PROJECT PHASES

The project was divided into three phases. For each phase,
a set of objectives was defined and a separate experimental
plan was devel oped.

1.4.1 Phase |

Two main objectiveswere defined for the first phase of the
project:

1. Toidentify the most commonly used modified asphalts
and concerns regarding the use of such asphalts, and

2. Todevelop an experimental plan for an advanced char-
acterization of approximately 50 modified binders of
various grades.

To best accomplish these objectives the research team
followed the methodol ogy described in Figure 1.1.

The research team conducted a literature search focused on
modified asphalt testing and on asphalt modifiers. In addition,

adetailed survey questionnaire was developed and sent to state
agencies, industry organizations, and academic institutions
involved in using, producing, or studying modified binders.
The results of the survey and the literature search were
presented in the first interim report and summarized in a
stand-alone report that was delivered in the second quarter of
1997. The summary of the survey is discussed in Chapter 2.

1.4.2 Phase ll

Theresultsof Phasel of the project were used to revisethe
working plan originally proposed for Phase 1. A new classi-
fication system of modified binders was suggested that sep-
arated modified binders into simple binders and complex
binders. A total of 17 modifiers and two base asphalts with
different chemical compositions were selected for the study.
The main revisions were focused on Task 4. The revised
experimental program for Task 4 included three main work
elements:

+ Task 4A: Characterization of Selected Simple Modified

Binders,

» Task 4B: Characterization of Selected Complex Modi-
fied Binders; and
* Task 4SS: Special Studies to Evaluate Properties of

Modified Binders:

— Subtask 4SS1: Effect of Size and Concentration of
Particulate Additives,

— Subtask 4SS2: Protocol for Measuring Potential
of Thermal Degradation of Additives,

— Subtask 4SS3: Protocol for Separation of Effects of
Oxidative Aging During the Pressure-Aging Vessel
(PAV) Procedure, and

— Subtask 4S$4: Protocol for Measuring Potential for
Phase Separation of Additives.

Literature Review

Survey Design

-

l

Suppliers Survey
Al Database
Superpave Seminars database

DOTs Survey
Al District Engineers
NCAT Database
FHWA Table of Contacts

Academic Survey
Universities
Research Agencies

J

|

i

Summary Tables
Asphalt Modifiers

Summary
Materials and Research Reviewed

Compilation/Summary
Surveys and Phone Interviews

Figurel.1

Information-gathering plan conducted in Phase |.



Task 4A, which wasthelargest task, focused ontesting sim-
ple modified binders. Task 4B tested binders modified with
selected additives known to result in complex binder systems.
Task 4SS focused on measuring special characteristics of
modified binders and on devel oping specific testing protocols
that are not part of the current Superpave testing protocols.

The hypothesis in Phase Il was that the role of simple
binders in mixture and pavement performance could be esti-
mated using the existing (or revised) Superpave binder proto-
cols, regardless of their constituents or the method of produc-
tion. On the other hand, the role of complex bindersin mixture
and pavement performance cannot be estimated using binder
testing; mixture testing is necessary. It was hypothesized that
an asphalt binder can be classified asacomplex binder because
of the physical characteristics of the modifier or the nature of
the effect of the modifier. Binders modified with particulate
matter can be complex because of their dependency on sam-
ple geometry. Other binders can be complex because they are
thixotropic or strain dependent.

5

The experimental testing plan for Phase |l included 17 ge-
neric modifiers selected after areview of the existing litera-
ture about modifiers used in practice. The supplier of each
modifier was asked to modify two base asphalts to a grade
chosen asthe basis of its marketing strategy. Table 1.1 shows
the possible combinations that were targeted.

The testing plan included an extended set of protocols to
characterize the rheological, failure, stability, and aging prop-
erties of the selected binders. Numerical modeling of the col-
lected data was used to estimate some of the important rheo-
logical and failure characteristics. Table 1.2 lists the testing
protocols that were used in order to fully characterize the
selected modified binders.

Theresults of Phasell and the analysisare presentedinthe
second interim report of the project, which was completed in
the first quarter of 1998. A summary of theseresultsisdis-
cussed in Chapter 2.

Temperature is an important variable for astudy on paving
materials. Three pavement temperatures are used in the studies

TABLE 1.1 Representative modified asphalt binders considered in the experimental

design of Phasel |

Asphalt Source Boscan — AAK California Valley - AAG

Asphalt Grade 70-X 58-28 | 52-40 or 46-40 70-X 58-28 | 52-40 or 46-40
Grade Improvement 6/-6 a/+G | 12/+6 6/-6 6/+6 | 12/+6

Minimum in °C 6 12 or ot or 6 12 or or or
High Temp / Low Temp 12/-6 | Jun-00 | Dec-00 12/-6 | Jun-00 | Dec-0G0
Modified Grade 64-34 | 58-34 | 64-34 64-34 | 58-34 | 64-34

{Concentration) 76-X | 82-X ar or or 76-X | 82-X or or or
70-34 52 58-40 70-34 | 52-40 | 58-40

Modifier Type High Temp Low Temp High Temp Low Temp

1. Styrene-Butadiene-
Styrene (SBS) Triblock

2. 5BS Radial

3. Styrene-Butadiene (SB)
Di-block

4. Styrene-Butadiene
rubber (SBRY LMW

5. SBR HMW

6. Ethylene vinyl acetate

7. Ethylene Terpoly

8. Polyethylene (PE)
unstabilized

9. PE stabilized

10. Hydrated Lime

11. Gelled asphalt cement
(AC)

12. Gilsonite

13, Oxidized Back-blended (BB)

14. Oxidized Straight run (SR)

15, Steam Distilled

16. Polyamines

17. Amidoamines

NOTE: AAK and AAG are asphalt codenames that were used in the original Strategic Highway Research Program

asphalt research program.



TABLE 1.2 Testing protocol and response variables proposed for full characterization

of modified binders

No. 200 sieve

Response Variable Parameter Test Method Testing Conditions
Volume percent of Sieve analysis usin
1. Particulate size material retained on Y £ Wet sicve analysis

toluene solutions

system

If binder contains more than 2% by volwme materials larger than 0.073 mm, binder does not qualify as a simple

7 *
2. Strain dependency Ratio of G* and &

DSR (AASHTO TP5-93) At 2 temperatures (high

2% / 30% and intermediaie)
If G* or phase angle changes by more than 10% between 2% and 15%, binder does not qualify as a simple
system
3. Mechanical working Ratio of (G* and & DSR (AASHTO TP35-93) | At 2 temperatures {high
dependency (thixotropy) 10-/ 1,000 cvcles and intermediate)

simple system

If G* or phase angle changes by move than 10% between 5 cycles and 930 cycles, binder does not qualify as a

If binder passes all three criteriu for being a simple system, proceed with testing as follows:

Ks factor based on G*

4. Separation potential and phase angle

Use new agitation and
New method for short- gassing test to evaluate
term aging / conditioning } potential for separation.
Run test at 165°C for 48 h.

5. Thermal degradation of K, factor based on G*
modifier and phase angle

Use new agitation and
gassing test to evaluate
potential for thermal
degradation. Run test at
165°C for 48 h.

New method for short-
term aging / conditioning

- .
6. Specification parameters 1. (*{(a), sind (v)

Using parallel plate
geometry, at 3 temperatures
before and after short-term
aging

DSR (AASHTQ TP5-93})
RTFO {AASHTO T240)
or other short-term aging

2,804, m(h)

BBR (AASHTO TP1-
93) At 3 temperatures before

PAV (AASHTO PP1-93) [ and after long- term aging
ot other long-term aging

3. Stress/strain to
failure

DTT (AASHTO TP3-93)
PAV (AASHTO PP1-93)
or other long-term aging

At 3 temperatures before
and after long-term aging

4. Viscosity—temp.
profile; shear-rate
dependency

Using appropriate spindle,
ASTM D4402 at 3 temperatures and
3 shear rates

log(aT) versus

7. Time-temperature shift temperature for G*,

Use data from frequency

Calculated using
SWEEDS, CTEEP CUTVES, and

failure

factors S(t), and failure strain statistical modcling direct tension
Use data collected in step
8. Short-term aging G*(w), sind (o) 4.1 above. Use new New short-term aging
potential short-term aging procedure
procedure.
I G*(w), sind (o) Run PAY procedure with
9. Long-term aging 2.5(6, m(6) Use data collected in step | and without air for modifier
potentiat 3. Stress/strain to 4.2 and 4.3 above with potential for thermal

degradation.

NOTE: RTFO = rolling thin film oven; BBR = bending beam rheometer; DTT = direct tension test.

of this project: high temperature (HT), intermediate tem-
perature (I1T), and low temperature (LT). In thisreport, HT
and LT are defined as they are in AASHTO M P1. IT is
defined as the temperature at which G*sind = 5,000 kPa at
10 rad/s (1.59 Hz) for PAV-aged bhinder.

1.4.3 Phase lll

Theobjectivesof Phaselll of the project wereto verify the
findings from Phase || through Superpave performance test-

ing of mixtures made with modified asphalt binders and to
recommend any needed modifications to those procedures.
The specific objectives by task wereto

* Fully characterize aselected set of asphalt mixtures made
with modified asphalt binders (Task 8);

* Revise mixing and compaction temperatures (Task 9);

» Recommend needed modificationsto the existing Super-
pave AASHTO standards (Task 10); and

» Submit afinal report (Task 11).



Based ontheresultsof Phasell, ninemodified binderswere
selected for the mixture testing in Phase 111. These binders
included three PG 82-22 binders, three PG 70-34 binders, and
three PG 58-40 binders. Two aggregate sources and two gra-
dations were included in the experimental designs. Testing
included the use of the Superpave shear test (SST, AASHTO
TP7) and the indirect tension test (IDT, AASHTO TP9). It
also included limited testing, using the triaxial testing system
proposed as a Superpave simple performance test and as an
HMA characterization method suggested for the 2002 Pave-
ment Design Guide (under development in NCHRP Project
1-37A, “Development of the 2002 Guide for the Design of
New and Rehabilitated Pavement Structures: Phase 117).

The original plan for Tasks 8 and 9 was expanded to in-
clude more aggregate variables and to conduct more compre-
hensive testing at additional strain levels and temperatures.
Theorigina planfor Task 10 wasalso revised to includethree
subtasks focused on soliciting expert opinions, conducting
limited field validation, and carrying out an expanded exper-
iment on the direct tension and glass-transition behavior of
selected binders. The following briefly describes the work
plan for each task in Phase 1.

14.3.1 Task 8

In Task 8, performance testing was conducted on 36 dif-
ferent mixtures produced from nine selected modified binders
and four types of aggregates from two sources. The modified
binderswere chosen based on test resultsfrom Phase I1. Each
source of aggregates was used to produce afine gradation and
a coarse gradation.

Each of the 36 mixtures was tested at high, intermediate,
and low temperatures using the Superpave recommended
protocols. The testing plan was designed to characterize
asphalt mixture properties at a range of temperatures from
-20to 70°C.

Thistask tested two hypotheses:

1. Therelationships between binder and mixture rheolog-
ical properties and between binder and mixture failure
properties are independent of the composition of the
binder or the type of additive used; and

2. The specification parameters used in the binder specifi-
cation, initscurrent revised format, are good predictors
of mixture performance for a given mixture design.
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The controlled material variables chosen for Task 8 are
shownin Table 1.3. Two aggregate sourceswere used in the
project. One source was the Asphalt Institute’s laboratory
standard aggregate, a moderately low water absorption (less
than 1.5 percent) central Kentucky limestone, representing
the crushed aggregates. The other source was an aggregate
from Alabama, representing the less angular, mostly un-
crushed gravel source, which iscommonly used by the Na-
tional Center for Asphalt Technology (NCAT) asalaboratory
standard.

A coarse aggregate gradation (i.e., below the restricted
zone) and afine aggregate gradation (i.e., abovetherestricted
zone) were devel oped for each source. Both gradations have
a nominal maximum aggregate size (NMAS) of 12.5 mm.
This NMAS is commonly used for high-traffic-wearing
course mixtures, in which modified asphalt binders are most
often used. Its smaller size al'so made specimen preparation
easier and reduced the materia variability for advanced mix-
ture testing. The complete mixture designs are presented in
Appendix A.

Testing was conducted at the design asphalt content deter-
mined by Superpave volumetric mixture design procedures
to yield 4.0 percent air voids at the design number of gyra-
tions (96) using the PG 70-22 Boscan base asphalt. The mix-
ture design, and subsequent determination of design asphalt
content, was accomplished for each aggregate type.

The nine asphalt binders were classified into three groups:
the first group represented binders that have superior HT
properties. This group included one binder modified with
an elastomeric modifier (i.e., styrene-butadiene-styrene[SBY)]
radial), one modified with aplastomeric modifier (i.e., poly-
ethylene [PE] stabilized), and one modified by processing
in the refinery (i.e., steam distilled).

The second group represented binders with superior 1T
propertiesand HT properties. Thisgroup included one binder
modified with an elastomeric modifier (i.e., styrene-butadiene
rubber (SBR) low molecular weight [LMW]), one modified
with a plastomeric modifier (i.e., ethylene terpoly), and one
modified by processing in the refinery (i.e., oxidized).

Thethird group represented binderswith superior LT prop-
erties. This group included two binders modified with elas-
tomeric modifiers (i.e., styrene-butadiene (SB) di-block and
SBS linear) and one modified by refinery processing (i.e.,
oxidized-back blended). An attempt was made to keep the
critical temperaturefor each group asclose aspossibleto each

TABLE 1.3 Task 8 material control variables

Variable

Level

Aggregate Source/Angularity

2 (Crushed limestenc and gravel)

Mixture Gradation

2(12.5 mm coarse and 12.5 mm fine)

Asphalt Binder Content

! {Design)

Asphalt Binder

9 {Based on Phase II results)
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other. The performance grades of the nine binders and the
critical temperatures at which they meet the grade are shown
inTable 1.4.

Although the binders were divided into three groups, each
binder was tested at all selected temperatures and analyzed
for all properties. Thisexperimental design allowed acritical
evaluation of the effect of binder composition. It also per-
mitted the studying of the effect of grade within each generic
type of modifier.

The testing included three temperature ranges: high, inter-
mediate, and low. At each range, test proceduresthat measure
both moduli and failure (damage) propertieswere performed.
The tests were conducted at multiple loading frequencies,
loading patterns, and strain levels.

In the HT range, the repeated shear at constant height
(RSCH) and the frequency sweep at constant height (FSCH)
tests were conducted with the SST. Both tests were devel-
oped during SHRP as part of the A-003A contract at the Uni-
versity of California-Berkeley. Test procedures are described
in AASHTO TP7.

The testing conditions were modified in order to evaluate
some new ideas that the research team introduced. The mod-
ificationsincluded multiplestrainlevelsin the FSCH, awider
range of temperatures, and increasing stress levels and tem-
peraturesinthe RSCH testing to better simulate actual failure
conditions.

The FSCH test is a controlled strain test in which a se-
lected shear strain is applied to the mixture specimen using
a sinusoidal load. As the shear stress is applied, the speci-
men height tends to increase, and the axial stress increases
to maintain a constant height. Testing is executed at multi-
ple frequencies from 30 Hz to 0.01 Hz. The number of load
cycles at each frequency varies from 150 cycles (30 Hz) to
4 cycles (0.01 Hz). Testing is commonly conducted at high
and intermediate pavement temperatures, cal culated from the
project’s climate data.

FSCH testing in Task 8 was conducted at 6, I T, 40, 46, and
52°C. FSCH testing was modified in two particularsfrom the
procedure described in AASHTO TP7. First, an additional
loading frequency (i.e., 30 Hz) was added at each tempera-
ture. Thus, the loading frequencies for each temperature
were 30, 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 Hz. In
addition, FSCH testing was conducted at four shear strain

levels—0.01 (standard), 0.04, 0.07, and 0.1 percent—at each
temperature.

The FSCH test was replicated for each combination of
frequency, temperature, and strain. The average values of
the complex shear moduli and phase angles were analyzed
to assess their dependence on frequency, temperature, and
strain level.

The output of the FSCH test provides data on the visco-
elastic properties of the asphalt mixture. By using the com-
plex shear modulus (G*) and phase angle, the viscous (G”)
and elastic (G’) components of the modulus can be cal cul ated.
A relative comparison of HT mixture stiffness can be made
among various asphalt mixtures by comparing their complex
shear moduli values.

Data collected were used to evaluate the effects of binder
grades and modification type on the rheological properties of
mixtures produced with the four different aggregates. The
effectsof binderswere compared with the effects of aggregate
and temperature. The analysiswasto

+ Quantify therelationships between binder G* valuesand
mixture G* values at selected conditions of temperature,
frequency, and strain.

+ Quantify the sensitivity of mixture to selected changes
in temperature, frequency, and strain, and compare with
the binder sensitivity to the same or similar changesin
these factors.

+ Develop master curves of binders and mixtures and
describe the role of binder modification and grade in
changing the overall rheological behavior of mixtures.

In the IT range, the FSCH test was conducted to measure
the rheological properties at the intermediate grade tempera-
tureand at 6°C. For the damage characterization, the beam fa-
tigue (AASHTO TP3) test was conducted at the intermediate
grade temperature using a selected strain level.

Inthe LT range, the IDT was conducted at three tempera-
tures, 0, —10 and —20°C, as is recommended in AASHTO
TP9. The optional loading time of 1,000 s was used in all
creep tests. Failure time was measured in the failure proce-
dure in order to estimate the strain at failure.

At least two replicate specimens were tested for each re-
sponse measured. In the case of beam fatigue testing, three

TABLE 1.4 Binder matrix used in the experimental design

Grade

Stabilized (83.6°C)

Terpoly (23.0°C)

PG 82+1T+LT PG HT+23+LT PG HT+HIT-40
Modifier Type
Elastomeric PG 82-22 SBS PG 82-22 SBR PG 58-40 5B Di-
Radial (84.4°C) LMW {22.7°C) block {-39.0°C)
. PG 82-22 PE PG 76-22 Ethylene | PG 58-40 SBS
Plastomeric

Linear (—39.0°C)

Processed

PG 82-22 Steam
Distilled (84.0°C)

PG 76-22 Oxidized
{24.1°C)

PG 52-40 Oxidized
(—43.3°C)




replicates were measured. The average val ues of the measure-
ments were used in the analyses. All data were carefully re-
viewed to ensure the quality of datafor meaningful analyses.

14.3.2 Task9

The objective of Task 9 was to evaluate and revise the
Superpave mix design laboratory mixing and compaction
temperature requirements for modified asphalt binders, as
well asto assess the effect of modified asphalt binders on the
QCIQA practice developed in NCHRP Project 9-7.

The current standard method for preparing specimensusing
the Superpave gyratory compactor isSAASHTO T308, “ Stan-
dard Method for Preparing and Determining the Density of
Hot-Mix Asphalt (HMA) by Means of the Superpave Gyra-
tory Compactor.” This method specifies a mixing tempera-
ture range of viscosity for unaged asphalt binders of 0.17 £
0.02 Pa- s (1.0 Pa- s= 1000 mm?/s kinematic viscosity for
asphalt binders), and a compaction temperature range of
0.28+0.03 Pa-s.

For many of the modified binders tested in this project,
these viscosities cannot be achieved unless the binder has
been heated to very high temperatures. Such heating may
result in excessive aging and, sometimes, in degrading the
modifier. In order to prevent this aging and degrading, the
recommendations of the modified binder supplier are typi-
cally followed. For some polymer modified binders, viscosi-
tiesin the range of 0.30 to 0.40 Pa- sfor mixing and 1.00 to
1.20 Pa- sfor compaction were recommended. These ranges
are mostly based on experience rather than scientific results
and are mostly recommended for compaction methods other
than the Superpave gyratory compactor. It istherefore neces-
sary to evaluate the effect of viscosity level on the Superpave
compaction procedure.

Using the results of viscosity testing collected in Task 4A
and Task 4B, an experimental plan was developed to mea-
sure the sensitivity of the densification of selected modified
mixtures to the viscosity of asphalt binders, by testing two
hypotheses:

1. Asphalt binders can effectively coat aggregates at a
wide range of viscosity levels higher than 0.17 + 0.02
Pa - s, which is currently required by the Superpave
procedure and other mixture design procedures.

2 TheSuperpavegyratory compactor will effectively com-
pact with the same compaction effort at viscosity levels
higher than 0.28 £ 0.03 Pa - s, which is currently
required by the Superpave procedure and other mixture
design procedures.

The controlled variablesand their levelsin this experiment
included

« Aggregate source: 2 levels (crushed limestone and
gravel);

« Aggregate gradation: 2 levels (coarse and fine);

» Binder type: 7 levels (control, 2 elastomeric, 2 plasto-
meric, and 2 particul ate modifiers);

« Temperatureat mixing: 3 levels(control, control + 15°C,
control + 30°C); and

« Temperature at compaction: 3 levels (control, control +
15°C, control + 30°C).

Because HT performance grades PG 82 and PG 76 are
considered especially critical, the following seven binders
were selected:

PG 70-22 Boscan base asphalt (contral),

PG 82-22 SBSradia (elastomer 1),

PG 82-22 SBR (LMW) (elastomer 2),

PG 82-22 PE stabilized (plastomer 1),

PG 76-22 ethylene terpoly (plastomer 2),

PG 82-22 hydrated lime (particul ate additive), and
PG 82-22 crumb rubber (particulate additive).

NoOooMWNE

The total number of combinations is 168, including
7 binders, 2 aggregate sources, 2 aggregate gradations, 3 tem-
peratures for mixing, and 3 temperatures for compaction.

The procedure described in ASTM D2489 for evaluating
the coating of aggregatesin field mixtures was used to eval-
uate the effect of modifiers on mixing temperatures. Instead
of field samples, 1,200- to 2,000-g samples of laboratory-
prepared mixture were tested using two types of laboratory
mixers. Both a Hobart bakery mixing apparatus, which is
widely used in asphalt laboratories, and aconventional bucket
apparatus, recently introduced to mix large samples, were used.
Thetimereguired for complete coating was recorded based on
duplicate measurements for each of the mixers. The reference
time was the time required for complete coating with the base
asphalt at viscosity levels currently required.

The Superpave gyratory compactor standard procedure was
used to evaluate the effect of modifiers on compaction tem-
perature. The main response variables were volumetric prop-
erties (i.e., percent air voids at Ny, Nyes, and Nie). The num-
ber of gyrationsto reach an air voids content of 4 percent was
also included as amain response in the analysis.

14.3.3 Task 10

The objective of Task 10 was to recommend necessary
modifications to the following AASHTO standards:

* The AASHTO Superpave asphalt binder tests, standards,
and specifications.

* The AASHTO MP2, “ Standard Specification for Super-
pave Volumetric (Level 1) Design”; AASHTO PP28,
“Standard Practice for Superpave Volumetric (Level I)
Design for Hot-Mix Asphat (HMA)”; and AASHTO
PP5 “Standard Practice for Laboratory Evaluation of
Modified Asphalt Binders.”
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* The NCHRP Project 9-7 QC/QA practice asit relatesto
modified asphalt binders.

« Any additional protocols for Superpave asphalt binder
tests (as necessary) for modified binders in AASHTO
format.

In March 1999, the project panel approved a modification
of the work plan for Task 10 that included three new work
elements. A new subtask was established for each of the
work elements. The Task 10 subtasks were as follows.

« Task 10A: Direct Tension and Glass-Transtion
Temperature

The objective of thistask wasto evaluate the applicability
of the most recent protocol developed by the TRB Binder
Expert Task Group for estimating the cracking temperature
of modified asphalt binders. The failure properties of modi-
fied binders tested in Task 4 of the project were measured
using the most recent direct tension test procedure devel oped
by TRB. The dilatometric glass-transition temperature (T,)
was also measured with a testing procedure originally used
in the SHRP A-002A project.

* Task 10B: Limited Field Validation Study

The objective of this task was to test binders from 8 to
10 field projects or full-scale pavement testing experiments
in which modified asphalts have been used and for which
performance data have been collected. The testing was con-
ducted using the new testing protocolsto validate the relation
between the test results and actual field performance.

* Task 10C: Internal Advisory Group

During Phase 11, it became apparent that, for this project
to be successful, it was necessary to provide the asphalt in-
dustry with the means for a detailed, ongoing review of the
research data. Based on discussions with the project panel

members, the TRB Expert Task Group members, and the
project officer, the research team requested the approval to
form an internal advisory group to discuss the development
of specifications, to gather practical feedback on the new
concepts being introduced, and to provide the research team
with guidance on the proposed changes to specifications and
the necessary validation before implementation. Members
of the Internal Advisory Group were selected from federal
and state agencies (3), asphalt industry and consulting (6),
and academia (2). The group had five one-day meetings at
the NCHRP offices, during which significant discussions of
the concepts and the new testing protocols took place. The
names of the members of the group and the minutes of two
of itsimportant meetings are given in Appendix B.

The outcome expected from Task 10 was a recommenda-
tion for astandard practice for advanced characterizations of
asphalt binders that describes the revisions necessary to
apply the Superpave binder specification to modified binders.
The new standard, designated AASHTO PP5, is expected to
offer a set of standard test procedures and tentative criteria
that state agencies and industry can collectively usein order
to better select modified asphalt binders.

A recommended draft of (new) AASHTO PP5 is pre-
sented in Appendix C of this report. In the opinion of the
research team, it provides a better alternative for the charac-
terization of modified binders than the SHRP-Plus specifica-
tion that some state agenciesare currently using for modified
binders.

This final report concentrates on the results and the find-
ings from the work conducted in Tasks 8, 9, and 10 of the
project. It describes the relationships between mixture prop-
erties and the grade and type of modification of the asphalt
bindersused inthe mixture. Key resultsfrom the earlier tasks
are also summarized.




CHAPTER 2
FINDINGS

2.1 TYPES OF ASPHALT MODIFIERS

Asphalt modifiers can be classified in several ways. on the
mechanism by which the modifier aters the asphalt proper-
ties; on the composition and physical nature of the modifier;
or on the target asphalt property that needs improvement
or enhancement. Based on the review of published literature
(1-12), and the survey information collected in Phase | of the
project (13), alist of the types of modifiers used currently in
the asphalt industry is given in Table 2.1. The modifiers are
classified based on the nature of the modifier and the generic
types of asphalt modifiers. The target distress shown in the
table correspondsto the main distressthe additiveis expected,
or claimed, to reduce. The information is based on an inter-
pretation of the published information for brands of modifiers
that belong to the modifier classes shown. In many cases the
reported effects are based on limited data and should not be
generalized to al asphalt sources.

The information in Table 2.1 indicates that asphalt modi-
fiersvary in many respects. They can be particul ate matter or
additives that will disperse completely or dissolve in the as-
phalt. They range from organic to inorganic materias, some
of which react with the asphalt, while othersare added asinert
fillers. The modifiersgenerically vary in their specific gravity
aswell asin other physical characteristics. They are expected
to react differently to environmental conditions such as oxi-
dation and moisture effects. With such diversity in asphalt
modifiers, it is clear that the current AASHTO MPL specifi-
cation may betoo simplistic to characterize all these varieties
of modified asphalts.

The literature review was extended to cover the methods
used in characterizing modified asphalts and the difficulties
observed in applying the Superpave binder testing protocols
to modified binders. Emphasis was placed on identifying
the characteristics that are not considered by the Superpave
method, along with their importance.

2.2 CHARACTERISTICS NOT CONSIDERED BY
THE SUPERPAVE BINDER SPECIFICATION
AND TEST PROTOCOLS

Based on review of the published SHRP reports (5,14-16)
and the information published in various technical journals
and conference proceedings (10,17-27), it was found that
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the criteria in current Superpave binder specification, al-
though they were to some extent validated for unmodified
asphalts, might not be suitable for asphalts modified with
various additives. In addition, modified asphalts may have
performance-related characteristics that are not considered
in the current specification (28). The following character-
istics of modified asphalts that need special attention were
identified:

1. Sorage stability of modified asphalts: Because most
modified asphalts are multi-phase systems, possible
phase separation and possible continued reaction under
static or agitation conditions should be evaluated.

2. Shear-rate dependency of viscosity: Most modified
binders are non-Newtonian fluids at temperaturesin the
range of mixing and compaction currently used in the
field. The effect of shear rate on binder workability
could be very important in selecting proper mixing and
compaction temperatures.

3. Strain dependency of rheological response: Many mod-
ified binders show highly nonlinear behavior at strains
and stresses that are well within the pavement applica-
tion conditions. Therefore, relying on linear viscoelastic
properties to estimate binder contribution to pavement
performance could be misleading.

4. Effect of mechanical working: Asphalt bindersin gen-
eral are known to accumul ate damage when subjected
to repeated loading. Relying on rheological properties
measured after few cycles of loading does not allow
an evaluation of damage accumulation. Modifiers are
used as reinforcements in asphalt binders. It is more
important to evaluate their effectiveness in altering
damage behavior over load repetition than their initial
behavior.

5. Loading-rate dependency and time-temperature equiv-
alency: The Superpave binder specification is founded
on the assumption that all binders have similar sensi-
tivity to loading rate and temperature. Grade shifting is
used to account for traffic speed. Modified binders could
vary significantly in their sensitivity to loading rates
because of variationin basic microstructure. To estimate
the contribution of binders to pavement performance
under different traffic conditions, a direct measure of
loading-rate dependency is necessary.



12

TABLE 2.1 Generictypesof asphalt modifiers currently used for paving applications

Modifier Type

Class

Effect on Distress

FC® | LTC® | MD*

AG*®

Fillers

Carbon black

Mineral: Hydrated lime

Fly ash

Portland cement

Baghouse fines

Extenders

Sulphur

P B E P O A

Wood lignin

Polymers - Elastomers

Styrene butadiene di-block SB

>

Styrene butadiene triblock/radial block (SBS)

=

Styrene isoprene (SIS)

b

Styrene ethylbutylene (SEBS)

Styrene butadiene rubber latex SBR

Polychloroprene latex

Natural rubber

Acrylonite butadiene styrene (ABS)

Polymers - Plastomers

Ethylene vinyl acetate (EVA)

Ethylene propylene diene monomer (EDPM)

Ethylene acrylate (EA)

Polyisobutylene

Polyethylene (low density and high density)

Polypropylene

Crumb rubber

Different sizes, treatments, and processes

Oxidants

Manganese compounds

Eadll Bl Eadll ol Eil Bl Bl Bl Fl P Pl P

Hydrocarbons

Aromatics

Napthenics

Paraffinics/wax

Vacuum gas oil

Asphaltenes: ROSE process resins

SDA asphaltenes

>

Asphaltenes: DEMEX asphaltenes

Shale oil

Tall oil

Natural asphalts: Trinidad

Gilsonite

Antistrips

Amines; Amidoamines

Polyamines

Polyamides

B Bl BB EE bl

Hydrated lime

b

Organo-metallics

Process-based

Air blowing

Steam distillation

Propane de-asphalted (PPA)

Fibers

Polypropylene

Polyester

=

Fiberglass

Steel

Reinforcement

Natural: Cellulose

Mineral

b Ea Tl ol £

Antioxidants

Carbamates: Lead

Zing

Carbon black

Calcium salts

Hydrated lime

Phenols

Amines

Ee Tl Eall BTl R Full Bl ko

* Permanent deformation

¢ Moisture damage

® Fatigue cracking

¢ Oxidative aging

¢ Low-temperature cracking




2.3 SUMMARY OF FINDINGS
FROM THE SURVEYS

Threetypes of questionnaires were used to collect informa:
tion from state and provincia highway agencies, suppliersand
contractors, and academia. A copy of each survey is attached
in Appendix D. Detailed summaries of the questionnaireswere
published in thefirst interim report. Thefollowing findingsare
based on these summaries.

2.3.1 State/Provincial Agency Surveys

1. The majority of state and provincia agencies (32 out
of 52) have specifications for modified asphalt binders.
A recent report by Koch Materials showed that 28 of
the 50 states have adopted specifications or provisions
for modified binders (29). These specifications are
based on a variety of test methods not necessarily
related to Superpave.

2. Thesurvey indicatesthat the mgjority of statesand prov-
inces (33 out of 52) are currently using the Superpave
binder specifications routinely or experimentaly.

3. Thesurvey indicatesthat the mgjority of statesand prov-
inces (31 out of 52) are currently using the Superpave
mixture specifications routinely or experimentally.

4. Eight agencies answered “No” to al three sections of
question No. 1, indicating that they do not have provi-
sionsfor modified bindersand that they have not started
using Superpave binder or mixture specifications. These
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agencies are Nebraska; North Dakota; Oregon; Puerto
Rico; Rhode Island; Saskatchewan; Washington, D.C.;
and West Virginia.

. For binders, the areasthat agenciesreported asthe most

problematic include

—Compatibility/separation (12 out of 35)
—Short-term aging (8 out of 35)
—Particle size (4 out of 35)
—Long-term aging (PAV) (3 out of 35)

Other areas either were not identified as a problem or
were identified by no more than three agencies.

. For mixtures, the areas that agencies reported as the

most problematic are
—Muixture/compaction temperature (15 out of 31)

—Short-term aging (8 out of 31)
—Compatibility/separation (5 out of 31)
—Long-term aging (PAV) (3 out of 31)

Other areas were not identified or were identified as a
problem by no more than three agencies.

. Table2.2liststhe most frequently used types of asphalt

modifiers as reported by state agencies.
Other modifiers were identified by two or fewer agen-
ciesor were not identified at al.

. Regarding future usage of modified asphalt binders, the

survey results indicate the following:
—No agency planned on using less,

—12 are going to use about the same, and
—35 agencies plan on using more.

TABLE 2.2 Thetypesof asphalt modifiersmost frequently used by state agencies

No. of Target Distress/Property
Type Class Agencies | PD' | FC* | LTC’ | MD* [ AR®
Eﬁ’;ﬁt‘?zﬂ Styrenc Butadiene Styrene (SBS) 28 18 8 10 3 6
Styrene Butadiene SB 16 13 5 5 0 2
Styrene Butadiene Rubber Latex
SBR 17 10 | 4 4 1 2
Tire Rubber 3 1 1
ﬁf;sytr:;re; Ethyl Vinyl Acetate (EVA) 6 3 I
Anti-Stripping Fatty Amidoamines 8 4
Agents
Polyamines 6 4
Hydrated Lime 4 3
Others 7 3
Hydrocarbons Natural Asphalts 6 5
Fibers Cellulose 12 3 1 1
Polypropylene 7 4 1
Polyester 6 4 1 1
Mineral 3 1 1 1
Processed-Based Air Blowing 4 2
Mineral Fillers Lime 4 1
Anti-Oxidants Hydrated Lime 7 4
Extenders Sulphur 4

Permanent deformation - Fatigue cracking ° Low-temperature cracking * Moisture damage ° Aging resistance
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9.

2.3.2

Thejustification for the use of modifierswasasfollows:
—Rutting resistance = 39,

—L ow-temperature cracking = 28,

—Fatigue cracking = 21,

—Aging = 14, and

—Moisture damage = 14.

Supplier and Contractor Surveys

The survey resultsreveal that a significant percentage
of suppliers and contractors (29 out of 41 respon-
dents) are currently using Superpave binder testing
procedures.

. The survey results show that most suppliers and con-

tractors (31 out of 40) do not use Superpave mixture
testing procedures.

. Ten of the 41 supplier and contractor respondentsindi-

cated that their company uses neither Superpave binder
nor mixture-testing methods.

. For binders, the survey results indicate that the follow-

ing are the areas in which suppliers and contractors
have encountered problems:
—Short-term aging
—Compatibility/separation
—Long-term aging
—Time—temperature shift factors
—Strain dependency (linear) (9 out of 29)
—Solubility (6 out of 29)
The other areas either were not identified or were
identified as a problem by three or fewer suppliers or
contractors.

(12 out of 29)
(10 out of 29)
(10 out of 29)
(10 out of 29)

5. For mixtures, the following areas were identified by

suppliers and contractors as the most problematic:
—Muixing/compaction temperatures (5 out of 9)
—Short-term aging (3 out of 9)
—Compatibility/separation (3 out of 9)

The other areas either were not identified or were
identified as a problem by two or fewer suppliers or
contractors.

. Table2.3liststhe most frequently used types of asphalt

modifiersand the distressesthey target. The other mod-
ifiers were identified by two or fewer agencies or were
not identified at all.

. Table 2.4 indicates the methods of incorporating the

modifiersinto the asphalt used or recommended by the
suppliers and contractors.

2.3.3 Academia Surveys

. The survey results indicate that approximately 50 per-

cent of academic ingtitutions surveyed (8 out of 14 re-
spondents) are currently using Superpave binder testing
procedures.

. The survey results indicate that nearly 60 percent of

academic (9 out of 14 respondents) are currently using
Superpave mixture-testing procedures.

. Six out of the 21 respondentsindicated they use neither

Superpave binder nor mixture-testing methods.

. For binders, the areas that academic representativesre-

ported as the most problematic are
—Short-term aging
—Compatibility/separation

(4 out of 8)
(3 out of 8)

TABLE 2.3 Themost frequently used types of asphalt modifiersand the distresses they tar get

No. of Target Distress/Property
Type Class Users | PD' | FC’ | LTC’ | MD* | AR
Polymer - Elastomer | Styrene Butadiene Styrene (SBS) 25 23 21 20 5 10
Styrene Butadiene Rubber Latex
SBR 18 14 | 1 14 2 8
Styrene Butadiene SB 9 8 7 7 2 3
Polychloroprene Latex 4 3 1 2 1
Polymer - Plastomer | Low-Density Polyethylene (LDPE) S 4 2 1
Ethyl Viny!l Acetate (EVA) S 5 3 2 1 2
Polypropylene 3 2 2
Anti-Stripping Polyamines 12 2 2 10
Agents
Fatty Amidoamines 9 8 i
Hydrocarbons Aromatics 7 1 2 3 2
Napthenics 6 3 3
Vacuum Gas Oil 5 1 1 4
Fibers Cellulose 5 3 3 3 2 2
Polyester 3 2 3 2 1
Processed-Based Air Blowing 4 4 1 2 2 1
Propane De-asphalted 4 1
Mineral Fillers Hydrated Lime 3 1 2
Extenders Sulpher 3 3 1

" Permanent deformation * Fatigue cracking  Low-temperature cracking TMoisture damage ° Aging resistance
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TABLE 24 Themethods of incorporating the modifier sinto the asphalt used
or recommended by the suppliersand/or contractors

Suppliers/Contractors Responses to Method of Incorporation
Type of Modifier . . Broker/ Mix Plant In-line
Refinery Terminal .
Blender |(Drum/Batch)| Blending

Polymers — Elastomers i5 11 4 2 3

Polymers — Plastomers 8 4 3 2

Polymers — Unspec. 2 1

Antistripping Agents 6 2 2 2

Hydrocarbons 1 1 1 2

Fibers 1 4 2

Process-based 1 I

Mineral Fillers 1 1 1

Oxidants i

Extenders 1
—Long-term aging (3 out of 8) » Complex binders: Asphalt bindersthat cannot be classi-
—Test geometry (3 out of 8) fied as simple binders because their behavior violates
—Particle size (2 out of 8) one or more of the PG-system assumptions.

The other areaswere not identified or wereidentified as
aproblem by only one respondent.

5. For mixtures, the areasreported asthe most problematic
are
—Mixing/compaction temperatures (4 out of 9)
—Short-term aging (1 out of 9)
—Compatibility/separation (1 out of 9)
The other areas were not identified.

2.4 CLASSIFICATION OF MODIFIED BINDERS

The Superpave binder test protocols are based ontwo main
assumptions:

1. Binder behavior is independent of film thickness and
sample geometry; and

2. The binder is evaluated based on the properties within
the linear viscoelastic range in which its behavior is
independent of the strain or stresslevel.

The essence of these two assumptions is that the asphalt
binder isasimple system that can be characterized using lin-
ear viscoelasticity and simple geometry within which stress
and strain fields are simple to calculate. To apply the current
Superpave binder protocols for modified binders, both of
these conditions have to be sdtisfied. In other words, the
modified binders must be rheologically “simple.”

Modified binders not classified as simple are termed
“complex” according to the following definitions:

+ Smplebinders. Asphalt binderswith rheologically sim-
ple behavior that do not violate the assumptions upon
which the PG system isbased; these assumptionsinclude
independence of strain, non-thixotropy, isotropy, andin-
dependence of sample geometry.

It was hypothesized here that (1) simple binders can be
evaluated using the existing Superpave binder protocols and
can be classified as PG binders and (2) complex binders
should be evaluated using Superpave mixture protocols.
Although binder protocols can still be used to characterize
certain aspects of the behavior of complex binders, they
should not be a performance grade system without eval uation
of mixture data.

The simple—complex classification was also considered as
a replacement for the modified—unmodified classification.
Based on the understanding of the existing literature, it was
difficult to derive a definite set of criteria for classifying
binders as modified or unmodified. Many modification pro-
cesses involve no additives or liquid additives that are very
difficult to detect in a binder. Using the performance-grade
spread (the rule of a 90°C or larger difference between the
high and low grades) is not adequate; production of binders
with a PG spread of less than 90°C using modification with
refinery by-products is starting to emerge in the markets.

The simple—complex classification tendsto address the chal -
lenge of a“blind” specification directly. Because areasonable
specification could be used to blindly cover all “simple”
binders, users do not need to know the composition of these
simple binders because the performance-grading system would
provide adequate characterization. This concept is an exten-
sion of the concept that users do not need to know the crude
source used in the production of conventional asphalts. It
could also betrue that users need to know neither the process
nor the type of additives used in modifying asphalts. What
they need to know, however, is whether the testing protocols
used to derive the performance grade of the binder are applic-
able. The only reason why such protocolswould not apply is
if the binder is too complex to be tested within the limited
geometry and test conditions.
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This concept was used to design several experiments,
and extensive data were collected for simple and complex
binders with the objective of defining specific criteria to
differentiate simple from complex binders. The following
criteriawereinitially defined to classify a binder as simple
binder:

1. Contains ho more than 2 percent by volume of addi-
tives retained on No. 200 sieve using the particulate
additive test (PAT) with toluene.

2. Isstable during long-term (2 days or longer) storage at
typical HMA mixing and compaction temperatures.
The laboratory asphalt stability test (LAST) is used to
measure stability.

3. Isnot excessively sensitive to mixture volumetrics, or
pavement structure, or both, as simulated by change
in stress or strain ranges during rheological testing. Such
sensitivity is commonly termed “nonlinearity” and is
highly dependent on the overall structural capacity of
pavement structure. It is measured by conducting a
stress or a strain sweep using the dynamic shear rheom-
eter (DSR).

4. Isnot excessively sensitiveto repeated or cyclicloading
that simulates traffic volume. Such sensitivity is com-
monly called “cyclic” or “creep fatigue.” It is measured
by conducting atime sweep using the DSR.

A binder is classified asacomplex binder if it violates any
of the above criteria. Asmore datawere collected in the proj-
ect, it became apparent that, although Criteria 1 and 2 could
be easily implemented, it was very difficult to definewhat is
excessive sensitivity to pavement structure or to traffic vol-
ume. It was al so apparent that bindersthat contain particulate
additives or that are not stable during storage are too risky to
use and thus should not be included in any binder classifica-
tion system.

The focus of the research then shifted from the classifica-
tion of binders to screening binders for particulate additives
and for storage stability to disqualify such “risky” binders.
Asto the sensitivity to pavement structure or traffic volume,
the focus was shifted to integrating these important applica-
tion conditions into the specification testing so that they are
directly taken into consideration along with pavement tem-
perature and traffic speed.

In summary, the classification of bindersassimple or com-
plex was found to be unnecessary. All binders should be
screened for particulate additives and for storage stability to
qualify them for inclusion in a performance-grading system.
An enhanced grading system should consider the following
application conditions:

» Pavement temperature,
+ Traffic speed,
 Traffic volume, and

» Pavement structure.

Many experts consulted during the project indicated that,
regardless of the terminology used, differentiating between
binders with additives and without additivesis necessary to
protect against misusing a blind specification system. To
achieve this requirement, the PAT includes two solvents:
n-octane and toluene. All additives separate in n-octane;
this indicates whether an additive is present in the binder.
Toluene separates only additives that are not likely to be
soluble in asphalt; this indicates the relative compatibility
of the additive with the base asphalt.

With the application of PAT, the specification can be ap-
plied blindly to binderswith no particul ate additives, which
are stable during storage, by including sensitivity to pavement
structure and traffic volume into the testing protocol.

2.5 CHARACTERISTICS OF MODIFIED BINDERS

In Phase Il of the project, extensive rheological and failure
testing was conducted on alarge number of modified binders
with the Superpave binder protocols. To address the defi-
ciencies in the current testing protocols, methods for deter-
mining the type and amount of additive (the PAT) and for
determining the storage stability (the LAST) were devel oped.
In addition, a modification of the current rolling thin film
oven test (AASHTO T240) was developed. The results were
summarized in the second interim report of the project (30);
the main findings are discussed in the following subsection.

2.5.1 PAT

One of the aternatives to using microscopy to determine
the nature of the asphalt additives is separation of the addi-
tive from asphalt. With separation, the general type of the
additive and its characteristics can be determined. In a PAT,
a diluted solution of the asphalt binder is passed through a
sieve to separate particul ate additives from the base asphalt.
Particul ate additives can result in potential separation or in
interference with test sample geometry. In the current stan-
dard Superpave binder test methods, the particulate size is
limited to 250 pum, selected arbitrarily as one-fourth (%) of
the minimum testing sample dimension. The PAT separates
material larger than 75 pm using a No. 200 (0.075-mm)
mesh. This size was selected because larger-size particul ates
are commonly considered part of the mineral aggregates in
the asphalt mixture.

The schematic of the test set up isshown in Figure 2.1. In
thetest, the asphalt binder isheated to 135°C until it becomes
soft enough to pour. Approximately 10 ml of sampleistrans-
ferred into a 125-ml Erlenmeyer flask. While hot, the sample
isdiluted using 100 ml of solvent in small portions with con-
tinuous agitation until all lumps disappear and no undissolved
sample adheres to the container. A metal, 50-mm diameter,
No. 200 sievedisk isplaced in the vacuum filtering apparatus,
and the vacuum filtration is started. The container is washed



17

F it Together With a Clamp
Or With Serew Comection

%
Y
Fi Together With a Stapper -
SN

©é— 79 micometer — Pore Membrane Filter

Membrane Filtration Assembly

Reservoir

#2000 Pronze

Fumel

to Vacuum F iter

Vaaum Pitering Flask

Figure2.1 Schematic of the PAT.

with small amounts of solvent to facilitatefiltering. Filtration
is continued until the filtrate is substantially colorless, then
suction is applied to remove the remaining distillate. The
material retained on thefiltering sieveistransferred to acen-
trifuge tube, and the volume is measured partially filled with
the solvent. The tube is placed in a centrifuge apparatus for
30 min at approximately 3,000 rotations per minute (rpm). At
the end of the centrifugation, the volume of materia at the
bottom of the tube is measured to the nearest 0.01 ml. Using
thefinal volume of particulate and theinitial volume of sam-
ple, the percentage of compacted volume of the particulates
retained on a No. 200 sieve by volume of the asphalt is cal-
culated. The conditions used for the protocol were selected
based on several experiments.

Based on trial testing using various solvents, n-octane and
toluene were selected for PAT. n-Octane is considered as an
alternative because of its zero aromaticity, its suitability for
dissolving asphalt, and its relatively high boiling point. The
tests conducted have shown that n-octane can separate poly-
mers that are not particulate in nature and so give an indica
tion of the use of additivein abinder. Tolueneisused because
its solubility parameter is considered very similar to that of
asphalt. The tests conducted showed it is a good solvent that
can dissolve most additives that are believed to be compati-
ble with asphalt.

Table 2.5 givesresults collected using the PAT for anum-
ber of PG 82, PG 76, PG 70, PG 64, and PG 58 grades mod-

ified with different additives. The results are shown for one
or more of the solvents used. Theresults reveal that n-octane
can be used to detect the existence of any additive in the
asphalts. The material retained on the sieve after treatment
with n-octane can be further treated with toluene to deter-
mine its solubility.

2.5.2 LAST

The general requirements for a new test to evaluate the
storage stability of modified asphalts were selected based on
thereview of research donein the past (17,24, 31-43) and on
an evaluation of typical storage tanks and conditions used to
store such asphalts in the field. From previous research, it
was clear that anew test should allow for an evaluation of the
following factors:

+ Effect of extended storage at HTsin the range of 160 to
180°C,

+ Effect of mechanical agitation of the modified binders,
and

» Performance-related properties measured at multiple
temperatures and frequencies.

From thereview of field practices and of the design of stor-
age tankstypically used in thefield, it was concluded that, in
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TABLE 25 Resultsof testing selected modified asphalts using the PAT

ORGANIC SOLVENT
Pet. Distillate N-Heptane N-Octane Tofuene
LABORATORY HAND-BLENDS VOL. FRACTION PARTICULATES > 0.075 mm

Binder Filler / Polymer

PG 76-22 Hydrated Lime (16% HL) 75 18 13.0 7.0
PG 58-34 SBS 2.1 16 13.0 0.0
PG 76-22 EVA 6 13 2.5 0.0
PG 58-28 Crumb Rubber (12% CR) 1S 15 14.0 14.0
PG 70-22 Silica Quartz (10% SQ) 1.5 1 038 08
PG 82-XX Gilsonite (8% Gil.) 1 2 1.5 1.0
PG 70-22 PG 70 Neat 0 0 0.0 0.0
MODIFIED BOSCAN ASPHALT

Binder Filler /Polymer

PG 82-XX PE Unstabilized - - 17.0 2.5
PG 58-40 PE Unstabilized - - 6.0 0.0
PG 64-34 Amidoamines - - 1.0 0.0
PG 64-34 Polyamides - - 0.9 0.0
PG 64-34 SBS Linear - - 25.0 0.0
PG 82-XX SBR LMW - - 0.5 0.0
PG 82-XX SBR HMW - - 3.0 1.0
PG 82-XX Ethylene Terpoly - - 1.5 0.0
PG 82-XX SBS Linear - - 19.9 0.0
PG 58-40 SBS Linear - - 16.0 0.0
PG 82-XX SBS Radial - - 22.0 2.0
PG 70-34 SBS Radial - - 15.0 0.0
PG 58-40 SBS Radial - - 35 0.0
PG 52-40 SBS Radial - - 0.0 0.0
PG 82-XX Steam Distilled - - 1.0 0.0
PG 82-XX SB Di-block - - 18.0 0.0
PG 70-34 SB Di-block - - 15.0 0.0
PG 58-40 SB Di-block - - 3.0 0.0
PG 82-XX Oxidized - - 2.5 0.0
PG 64-34 Oxidized - - 0.5 0.0
PG 58-40 Oxidized - - 0.0 0.0
PG 58-40 Ethylene Terpoly - - 0.0 0.0
PG 82-XX PE Stabilized - - 0.0 0.0
PG 82-22 PE Stabilized - - 0.0 0.0
PG 58-40 Oxidized - - 0.0 0.0
PG 76-XX SBS Linear - - 12.0 0.0
PG 58-40 SBS Linear - - 0.0 0.0
PG 64-34 Oxidized (BB) - - 25 0.0
PG 58-40 Oxidized (BB) - - 0.0 0.0
PG 58-34 SBR LMW - - 0.0 0.0
PG 58-34 SBR HMW - - 0.0 0.0
PG 82-10 Fibers (3%) - - 8.0 9.0
PG 58-XX Fibers (2%) - - 6.0 7.5
PG 58-28 Neat West Texas - - 0.0 0.0
PG 64-22 Neat West Texas - - 0.0 0.0
PG 70-22 SB Di-block - - 0.0 0.0
PG 58-28 SBR HMW - - 0.0 0.0
PG 76-22 PE Stablized - - 0.0 0.0




almost al cases, asphalts are stored with some sort of con-
tinuous agitation to maintain a uniform temperature and the
homogeneity of the material. Thermal history should not in-
clude afreezing step because it does not simulate field condi-
tions. Two basic designs of tanks(i.e., horizontal and vertical)
are used in thefield. The vertical tanks that have double pro-
pellers are recommended to induce enough agitation to main-
tain uniformity of product. The general consensus is that
horizontal tanks are less efficient in mixing than are the more
recently designed vertical tanks.

Using the information gathered, it was decided to scale
down atypical design of avertical storage tank as manufac-
tured by one of the principal U.S. suppliers. The selected
design is shown in Figure 2.2. It features an internal heating
element controlled by an electroni c temperature-control feed-
back system to maintain isothermal conditionsand a constant
speed, double-propeller agitator centered in the middle of the
cylindrical container. The dimensions are such that a sample
of 400 ml isused and the sampling is done periodically using
a pipette from the top and bottom of the container without
stopping the conditioning. This device is called the LAST
device. The storage stability of asphalt binders is evaluated
using tworatios. A separation ratio, Rs, iscalculated by divid-
ing the response (G*, d, or acombination of parameters) of a
sample taken from the upper part of the container by the
response of another sample taken from the lower part of the
container. A degradation ratio, Ry, is calculated by compar-
ing the average of top and bottom responses at a given sam-
pling time with the initial response. The ratios are measured
at selected intervals. Detailed protocol proposed for LAST is
written in Appendix C 1 of this report.
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Toevauatethe LAST design, experimentswere performed
to study the effects of several controlled factors:

» The source of heat: internal and external.

* Thetime of conditioning: 1, 3, 6, 12, 24, and 48 h.
+ Agitation: none and slow.

+ Testing frequency: 0.15 to 30 Hz.

Table 2.6 gives results collected using the LAST for a
number of modified asphalts prepared from different base
asphalts (B = Boscan; T = West Texas) and different addi-
tives. The results are shown for external heat with and with-
out agitation. The values of the separation ratio (i.e., R and
the degradation ratio (i.e., Ry) are observed to vary by modi-
fier type, base asphalt, rheological testing temperature, and
rheological parameter measured. The following points sum-
marize the findings:

« |t does not appear that any one generic type of modifier
asawhole, such asplastomersor elastomers, showsmore
potential for separation than others. The separation po-
tential varies from modifier to modifier within the same
generic type. Also, the level of separation does not ap-
pear to be related to the grade of the modified binder.
These findings confirm that the separation potential is
dependent on the specific nature of the modifier and
cannot be predicted from information about the grade or
generic type of modifier. The findings show that it may
be necessary to measure the separation potential and to
account for such phenomenon in selecting and using
modified binders.
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Temperature 1
Probe >
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( N Cb——k'74 Samgling
7 ] Temperature Controller
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Internal Heater

External Heater

Figure2.2 Schematic of the LAST apparatus.
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TABLE 2.6 LAST resultsfor modified asphalt G*

External with Agitation External without Agitation
Modifier DSR Test Rs Rd Rs Rd
(1.5Hz) (1.5Hz) (1.5Hz) (1.5Hz)

PG 58-28 (B) HT -3.1 11.8 -1.5 3.2
Neat 6C -1.0 11.8 3.7 2.1
PG 82-22 (B) HT -0.3 19.0 -1.5 2.7
SBS Radial 6C 12.1 11.8 3.7 5.3
PG 82-22 (B) HT 9.1 12.9 -11.1 8.4
PE stabilized 6C -4.8 9.3 1.4 -1.8
PG 76-22 (B) HT 24 15.8 256.0 113.8
PE unstabilized 6C 10.6 3.4 =22 30.2
PG 70-34 (B) HT -4.5 -13.6 314 12.0
SB Di-block 6C 4.9 7.3 -55.0 -16.8
PG 58-34 (B) HT 1.3 18.6 50.6 21.9
SBR LMW 6C 6.9 19.5 -89.8 -12.4
PG 58-34 (B) HT -17.2 15.8 169.4 42.1
SBR HMW 6C -1.2 16.8 -68.6 0.3
PG 76-22(T) HT -5.9 14.9 17.0 -4.5
EMA 6C -2.3 -6.7 -28.5 8.0
PG 76-22(T) (B) HT -33 0.6 17.0 18.7
PE stabilized 6C 0.9 -2.8 0.9 -1.6
PG 70-34 (T) HT 2.4 -0.7 4.0 1.1
SBS Di-block 6C 2.8 6.0 0.5 5.8
PG 70-34 (T) HT -0.5 59 4.0 6.3
Ethylene Terpoly 6C 0.7 43 -19.8 10.6
PG 64-34 (T) HT 10.8 3.9 18.6 12.1
SBS Linear 6C -3.0 2.0 -20.3 4.3
PG 58-34 (T) HT 5.0 -31.1 -5.4 -6.2
SBR LMW 6C 19.1 -12.2 -17.0 10.8
PG 58-34 (T) HT -10.3 -18.6 2.9 2.9
SBR HMW 6C -1.9 -0.8 -8.4 0.3

» Thereis significant evidence that agitation can prevent

separation very successfully. For some binders (e.g., PE
unstabilized), agitation keeps the binder from showing
separation for extended periods of time. It is therefore
necessary to acknowledge that separation under static
conditions as presented in Table 2.6 should not be used as
thebasisfor rejection of amodified binder. Itisimportant
to recognize that most modified binders are two-phase
systems that are designed to stay as two-phase systems.
Without agitation there appear to be only marginal
effects of degradation for most binders. However, dif-
ferent trends are found when high-speed (2,000-rpm)
agitation is used to simulate extreme agitation condi-
tions. Several of the modified binders show asignificant
increase in G* values and afew show reductionsin the
G* values. This indicates that high-speed agitation can
either cause more reaction or degrade the additive.

The effect of agitation is significantly different when
evaluated at HT compared with 6°C. It is clear that

thermal agitation at HTs can result in changing the rhe-
ological type of abinder and thus needs to be carefully
measured.

2.5.3 Madification to the Rolling Thin Film
Oven Test

One of the main problems with the rolling thin film oven
(RTFO) procedure for modified bindersisthat these asphalts,
because of their high viscosity, will not roll inside the glass
bottles during the test. Also, asphalts are capable of creeping
out of the bottles during the test. To solve this problem, two
modifications were considered: (1) using a number of steel
spheresto create shearing forcesto force the spreading of thin
filmsand (2) using a stedl rod to induce the same action. Ini-
tial evaluationsindicated that the steel rod is more practical,
simpler to use, and easier to clean. Several length and diam-
eter combinationsweretried with asphaltsthat varied intheir
viscosity at the testing temperature of 163°C between 0.5 and



3.0 Pa- s. The optimum conditions were achieved using steel
rods that were 127 mm long by 6.35 mm in diameter.

The criteria for accepting the use of the steel rods in the
RTFO included two items. First, the rods should not have
major effects on aging of neat asphalts; otherwise, the rela
tion between the test results and the field aging, which is
accepted for the standard test without the rods, can be ques-
tioned. Second, the aging with the rods should not interfere
with the stiffening effect of inert additives.

To evaluate thefirst criterion, neat asphalts were aged with
and without rods, and the changes caused by aging were eval -
uated using the DSR. To eva uate the second criterion, Ottawa
sand (considered to be an inert filler) was mixed with asphalt
and aged in the RTFO with rods. The same amount of the sand
was mixed after aging the neat asphalt in the RTFO with rods.
The dtiffening effect of the sand was evaluated with premix-
ing and with post-mixing to determine the interference of the
RTFO aging.

Typicd resultsfrom both experimentsarelistedin Table2.7.
It can be seen that the effect on the aging of the neat asphalt
isminimal. The effect on the filled asphalts, however, issig-
nificant and consistent. The stiffening of the asphalts by the
filler (i.e., OS) appears to be the same with premixing and
post-mixing when the rods are used, which supports the
hypothesis that using the rods does not interfere with stiffen-
ing by thefiller.

Several modified asphalts were tested in the modified
RTFO. Theresultsindicatethat steel rodsinthe RTFO test can
be used to alleviate the problem reported for aging modified
binders in RTFO bottles. For all the tests conducted, it was
observed that the rods inside of the bottles uniformly spread
the asphalt binder. Creeping of materia outside the bottles
was observed for few of the highly modified asphalts. The
problem was solved by tilting the oven slightly (2 degrees) to
keep these asphalts from rolling out of the bottle.
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2.5.4 Effect of Traffic Speed
(Frequency Dependency)

To evaluate the procedure of changing grades to account
for traffic speed, frequency sweep data were used to calcu-
late the critical temperatures (i.e., the temperatures at which
the specification requirement, e.g., G*sind = 5000 kPa, is
satisfied). The critical temperatures for the unaged condi-
tions, RTFO-aged condition, and the PAV-aged condition
are shownin Figure 2.3. The figure showsthe changein crit-
ical temperature asaresult of changing the loading rate from
1.5t0 0.15 Hz. The 1.5 Hz is assumed to represent normal
traffic (50 to 60 mph), while the 0.15 Hz represents slow
(e.g., urban) traffic speed (5 to 10 mph). Thefigure aso shows
the effect of changing the loading time on the critical tem-
peratures calculated using the criteria S(t) = 300 MPa and
m(t) = 0.300.

The following points summarize the trends observed:

» The effect of reducing or increasing frequency by one
order of magnitude at HT is approximately 20°C. This
effect is very significant and indicates that the grade
must be shifted by at least 3°C at high pavement tem-
peratures in order to represent the effect of reducing
speed from 50 mph to 5 mph shifting.

» The change in critical temperature caused by loading
rateisbinder specific. It istherefore believed that sel ect-
ing a single standard shift in temperature to represent
the effect of speed isnot appropriate. The standard devi-
ations are in the range of 3°C and the range in AT is
between 15 and 24°C, which is sufficiently high to
make using one standard shift difficult.

+ At the T, the effect of changing the frequency is much
lower thanthe effect calculated at HTs. The average effect
is 7 to 10°C compared with the 20°C effect mentioned

TABLE 2.7 Theeffect of metal rodsin the RTFO on neat

and modified asphalts

G*/sind RTFO Test G*/sind RTFO Test Diff. %
w/ Rods w/o Rods )
PG58-28 (Neat) 2784 2872 3.06
PG64-22 (Neat) 3711 3741 0.80
PG70-22 (Neat) 3326 3200 3.94
Pre-mixing
4133 3270
PG70 + 15% OS 3 -
4173 (2" run) 3363 (2" run)
4508 3578 25.9
PG64 + 20% SQ v 3
4617 (2" run) 3590 (2™ run) 28.6
3494 3081 13.5
PG58 +15% CR v —
3555 (2" run) 2961(2" run) 20.1
Post-mixing
4107 3823 7.4
PG70 +15% OS v v
4142 (2" run) 3856 (2™ run) 7.4
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Figure 2.3 Changes of critical temperaturesfor G*/sind (unaged), G*sind (PAV), S(t), and m(t) as a result of
reducing testing frequency from 1.5 Hz to 0.15 Hz or changing creep loading time from 8 to 240 sfor different

modifiers.

abovefor HT. Itisalso clear that the effect ishighly vari-
able and cannot be assumed similar for all binders.

« AtLT, the effect of changing the loading time from 60
to 240 sisaso significant. This effect represents the ef-
fect of changesin cooling cycles. Similar to the HT and
IT results, the change in the critical temperature is not
identical for all binders.

» For most binders, the effect on the critical temperature
of the mrvalue is more significant than the effect on the
critical temperature of the stiffness.

The results of the changesin critical temperatures caused
by changes in frequency or loading time show that modified
binders can vary significantly in their dependency on the rate
of loading. Determination of adirect measure of the effect of
traffic speed on the grading of the binders by conducting the
testing at the specific simulated traffic speed isrecommended.

2.5.5 Effect of Traffic Volume
(Thixotropy/Fatigue)

It is important to prove the hypothesis that repeated load-
ing isafactor to which modified asphalt responds differently.
Thisisimportant becausetraffic applicationiscyclicin nature

and because the morphol ogy of modified asphalts can indeed
play an important role in resisting fatigue and in showing a
stable, non-thixotropic response to the traffic cyclic loading.

To test the hypothesis, the effect of cyclic loading on each
of the binders was measured at the HT and the I T. For exam-
ple, aPG 76 + 25-22 was tested at HT = 76°C and at IT =
25°C. Sdlected bindersweretested for 5,000 to 10,000 cycles.
Figure 2.4 summarizes the results using the ratio of G* at
50 cyclesto the G* at 5,000 cycles. As shown in the figure,
fatigue cycles at selected strain levels have a highly signifi-
cant effect on G*. For some modified binders, ratios of 5 to
7 were observed.

The effects appeared to be highly dependent on the com-
position of the binder. They were aso observed to be highly
dependent on the strain or stress level used in the testing.
Because of theimportance of theresults, several base asphalts
used in the experiment were included in the testing. The re-
sults as shown in Figure 2.4 clearly differentiated between
base asphalts and modified asphalts. They also showed the
variation in G* ratios based on the generic modifier type. It
can be seen that, for some neat asphalts, the ratio of G* at 50
to G* at 5,000 is as high as 23 compared with a maximum of
7 for the modified binders. It appearsthat modificationin gen-
era significantly increased resistance to the G* decay with



23

25
@ Average

= 20 N Minimum =
% B Maximum
[y m Standard Deviation
o 15 —
L=3 .
<
w
o
2
> 10
&
b s

o LS

Neat Hastomer Plastomer Oxidized

Modifier Type

2.0

EAverage

Minimum

=
»

|ﬂ

8 Maximum
B Standard Deviation| |

-
n

o
@

3 Ratio (50/5000 cycles)

o
»

7
Z
%
|

0.0 LIZA

Neat Bastomer Plastomer Oxidized

Modifier Type
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to 5,000 cycles for different binders.

repeated cycling. It a so showed the importance of sensitivity
to strain or stress nonlinearity.

The effects on the phase angle are shown in Figure 2.5.
Theresultsindicate that the effects on the phase angle are not
asimportant asthe effectson the G* values. Thisfinding sug-
geststhat relying on the phase angle to supplement the Super-
pave specification criteria for evaluating modified binders
could be misleading.

Work was also doneto eval uate the factors that control the
highly significant effect on G*. The results are presented in
another publication (44), which focuses on the interaction

between strain levels, temperature, frequency, type of modi-
fier, and the fatigue performance. Figure 2.5 is a sample of
theresults, which show how increasing the strain level results
in highly significant fatigue effects.

These observations are very important in understanding the
fatigue behavior of asphalt mixtures. It isbelieved that binders
within a mixture are subjected to relatively high strains and
thus can be considered to play amajor part in the fatigue be-
havior of asphalt mixtures. Aswill be shown in thefollowing
subsection, modified bindersare observed to vary significantly
intheir strain dependency.
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Figure2.5 Typical interaction between strain and fatigue damage for a modified binder.
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2.5.6 Effect of Pavement Structure
(Strain Dependency)

To test the hypothesis that the contribution of modified
binders to pavement performance depends on the pavement
structure, it was necessary to test whether the current proce-
dure of measuring properties at small strain (whichisindica
tive of a strong pavement structure) can effectively estimate
performance at high strain (which is indicative of a weak
pavement structure).

The binders were tested for their strain dependency at HT
and at IT. Strain sweeps at a constant frequency of 1.5 Hz
were conducted for al binders. The resultswere summarized
by calculating theratio of the difference between thevaue at
2 percent strain and at 50 percent strain to the value at 2 per-
cent strain. The ratios sorted by grade and by modifiers are
shown in Figures 2.6 and 2.7 for HT and I T, respectively.

The following points summarize the findings:

« At HT, athough few binders show high dependency on
strain, the average values are within a 10-percent change
for most grades and types of modifiers.

+ Thereisno specific trend that could be observed between
strain dependency and grade of binder or type of modi-
fier at HT.

« At IT, the mgjority of binders show significant strain
dependency. The averages of G* ratios based on grades
are close to 80 to 90 percent.

* Theratios of G* at IT do not show a significant trend
with grade. There is, however, a clear distinction be-
tween types of modifiers. The processed binders (i.e.,
bindersmodified by refinery processeswith no additives)
show significantly higher G* ratios and lower & ratios
compared with the other modifiers (see Figure 2.7). The
elastomers show the lowest G* ratios, while the other
group shows the lowest 0 ratios.

« |t appears that the limits for linearity (i.e., ratios of G*
and & are very sensitive to temperature. It also appears
that the sensitivity of the G* ratio and d ratio to temper-
atureis not the same for all binders.

The above results indicate that the strain dependency is
one of theimportant characteristicsthat will distinguish mod-
ified binders and that can possibly discriminate between
well-performing and poor-performing binders. As shown in
Figure2.7, it isclear that processed bindersare different from
the other types of binders. Processed binders are known to
have lower ductility, and anumber of experts have expressed
concern regarding the use of such binders. Anincreaseinthe
phase angle similar to that observed in Figure 2.7 may indi-
cate nonhomogeneity or breakdown of the molecular struc-
ture. It isobserved that, for the majority of binders, nonlinear
behavior starts at alow strain and is highly modifier specific.

2.5.7 Low-Temperature Creep and
Glass-Transition Properties

In addition to the bending beam rheometer, the direct ten-
sion and a newly developed glass-transition test were used to
characterize LT behavior of modified binders. The abjective of
the testing was to evaluate the applicability of the most recent
protocol developed by the TRB Binder Expert Task Group for
calculating low-temperature cracking temperature of modified
asphalt binders. The results were used to compare the binder
behavior with the mixture creep and failure behavior and to
quantify the effects of modification on mixture behavior.

The failure properties of binders were measured using the
latest direct tension test procedure developed by TRB as in
AASHTO TP3-98. The procedure was expanded to include
three strain rates at each of the three temperatures. Figure 2.8
presents an example of the data generated for thefailure prop-
erties. The data represent failure stress and failure strain that
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are shifted along the loading time scale (i.e., the horizontal
scale) to produce failure master curves. The shifting is done
with the time-temperature shift factors estimated from the
bending beam rheometer. These master curvesare necessary to
estimatethe critical cracking temperature based on the stressat
failure and the strain at failure. The details of the models used
tofit the dataand the computational steps used to calculate the
critical temperatureswere published by theresearch team (45).

This approach, which is compatible with the recommenda
tions of the Expert Task Group, extends the anaysis to the
strain at failurecriterion, whichisnot consideredin AASHTO
MP1A. The approach also considersthe effect of cooling rate

and solves the problem of matching the rate of cooling in the
development of stress build-up to that in estimating strength
or strain at failure. In the analysis procedure, thethermal prop-
erties of binders including the glass-transition temperature
are needed. Instead of making assumptions about these prop-
erties, as is recommended in AASHTO MP1A, the glass-
transition device was used to measure these properties and
incorporate them in the analysis.

Thedilatometric glass-transition temperature (Ty) wasmea-
sured using a testing procedure employed originally in the
SHRP A-002A project (14). The T, measurements include
the change in volume as a function of temperature between
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Figure2.8 Srain at failure and stress at failure master curves for an asphalt binder.
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+40 and —70°C. Figure 2.9 shows an example of the glass-
transition measurements conducted in this project and the
curve fitting used to estimate the parameters.

A computer program was developed to provide a better
control of the glass-transition device and to fit the dataand to
calculate the parameters. Inthe program, thefollowing model
isused to estimate a,, the coefficient of contraction abovethe
glass-transition temperature; the glass-transition temperature,
Ty, and a, the coefficient below Ty

v=c, +ay(T -Ty) +R@;, —0g)-

Inf{1+ exp[(T - T,)/R} o

Here, v is the specific volume change, ¢, isacongtant, and Ris
aregression constant related to the rate of the volume change at
and near the glass-transition temperature, T,. This model was
used during the SHRP program for the same purpose. Asshown
in Figure 2.9, the system collects data from two samples simul-
taneoudy, and the data from both replicates are used to fit the
model. The starting temperatureis40°C, and the minimum tem-
perature is —70°C. The data generated are used to quantify the
effects of modifiers on the thermal behavior of asphalt binders.

2.5.7.1 Failure Properties

The low-temperature failure properties (see Table 2.8) are
represented by critical cracking temperatures. These are based
on the concept that cracking will occur when thermal stress
reaches the strength of the binder (shown in Table 2.8 under

the title “Stress’). This critical temperature was calcul ated
with a computer program developed for this purpose. The
program can aso calculate a critical temperature based on a
selected conversion factor (shown in Table 2.8 under “x18
Stress’ for a factor of 18) aswell as a critical cracking tem-
perature based on the concept that cracking can occur when
thermal strain exceeds the failure strain (shown in Table 2.8
under “Strain”). This program follows the same principles
used in the procedure for determining the critical cracking
temperature recommended recently by the TRB Binder
Expert Task Group asincluded in AASHTO MP1A.

The results in Table 2.8 clearly show, however, that the
cracking temperature is highly dependent on the criterion
used. The conversion factor can have animportant effect that
is not directly proportional to the value of the factor. The
strain criterion can give adifferent ranking for the same binder

performance grade.

Theinitial analysisalso indicatesthat modification can have
a significant effect on the cracking temperature and that this
effect isalso dependent on the criterion used. Figures 2.10 and
2.11 show examples of the changes in failure properties as a
result of modification and other factors. In Figure 2.10 (a), the
failure strain master curve is plotted for the base asphalt and
three modified binders of the same low-temperature grade
(PG XX-22). The failure strain behavior is significantly dif-
ferent for the three binders; the elastomer-modified binder
shows the highest ductility. Furthermore, the ranking is tem-
perature specific. In other words, if these bindersare compared
at —10°C, they will be ordered differently at 0°C. The entire
strain curveis highly dependent on the modifier type.
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TABLE 2.8 Summary of resultsof estimates of critical cracking temperature

for modified binders

. . Modification| Cooling Critical Temperatures (°C)
Modified Binders o
Category [Rate ("C/hr)|  Stress I x18 Stress I Strain
PG XX-22 Grades
PG 70-22 Base None 1 -52.1 -17.0 -34.7
PG 82-22 SBS Linear Elastomer 1 -49.1 -14.5 -37
PG 82-22 SBS Radial Elastomer 1 -52.3 -14.4 -36.5
PG 82-22 EMA Plastomer 1 -49.2 -14.1 -33.7
PG 82-22 PE Stabilized Plastomer 1 -52.7 -16.3 -35.6
PG 82-22 Steam Distilled Oxidized 1 -55.4 -12.7 -34.3
PG 76-22 EMA Plastomer 1 -54.5 -10.0 -374
PG 76-22 Ethylene Tripoly Elastomer 1 -52.7 -15.8 -34.8
PG 76-22 PE Unstabilized Plastomer 1 -47.1 -14.5 =333
PG 76-22 Oxidized (BB) Oxidized 1 -50.6 -16.2 -34.7
PG 76-22 Oxidized (SR) Oxidized 1 -53.9 -19.3 -34.7
PG XX-34 Grades
PG 70-34 SBS Radial Elastomer 1 =51.1 -15.8 -41.8
PG 70-34 SB Di-block Elastomer 1 -59.2 -28.9 -41.7
PG 70-34 N.A. N.A. 1 -67.1 -32.9 -39
PG 64-34 SBS Linear Elastomer 1 -59.1 -22.9 -43
PG 64-34 Oxidized (SR) Oxidized 1 -62.4 -26.9 -43.2
PG 64-34 Oxidized (BB) Oxidized 1 -55.8 -27.6 -41
PG XX-40 Grades
PG 58-40 SBS Linear Elastomer 1 =727 -32.7 -54.3
PG 58-40 Ethylene Tripoly Elastomer 1 -69.8 -31.8 -50.1
PG 58-40 Oxidized Oxidized 1 -67.4 -38.2 -46.9
PAV-Aged Binders
PG 82-22 (P) SBS Radial Elastomer 1 -55.8 -16.6 -30.5
PG 76-22 (P) EMA Plastomer 1 -53.5 -8.8 -32.8
PG 70-34 (P) SB Di-block Elastomer 1 -45.4 -10.4 -39.3
PG 58-40 (P) Ethylene Tripoly Elastomer 1 -78.8 -37.9 -46.8
Field-Related Binders
PG XX-22 AC20 N.A. 1 -49.4 -6.2 -31.2
PG XX-22 MGAC N.A. 1 -394 -10.5 -31.3
PG XX-22 Neoprene N.A. 1 -533 -15.7 -35.2
PG XX-22 Novophalt N.A. 1 -39 -8.3 -26.4
PG XX-22 PAC N.A. 1 -56.6 -15.7 -38.3
PG 52-34 Canada N.A. 1 -62.8 -13.6 -50
PG 52-40 Canada N.A. 1 -66.8 -30.3 -43.3
PG XX-28 Polybilt N.A. 1 -53.6 -19.0 -353
PG XX-28 Styrelf N.A. 1 -74.2 -30.6 -43.2

NOTE: (P) denotes PAV-aged.

Figure 2.10 (b) shows the strength master curves for the
same set of binders. The data in the figure indicate that the
plastomer-modified binder shows higher strength valuesat all
temperatures than do the elastomer-modified binders, which
show strength characteristics similar to those of the unmodi-
fied binder. Also, it shows that the oxidized binders have
higher strength valuesbelow —12°C than do all therest of the
binders.

Together, these dataindicate that cooling rate and the over-
all position of the master failure curve will have a significant
impact on the calculation of the cracking temperatures.

Figure 2.11 compares the failure strain master curves
(Part @) and the strength master curves (Part b) for the same
base asphalt with five modified binders that were modified
with elastomers, but have different performance grades. The
strain curves clearly show the effect of grade on the failure
strain properties. Asthelow-temperature grade of the binder
decreases, itsfailure strain curve rapidly shiftsto lower tem-
peratures. The strength master curves indicate that the PG
82-22 modified binder, the PG 76-22 modified binder, and
the PG 70-22 binder have very similar strength characteris-
tics. The other three binders, two PG XX-34 binders and one
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PG XX-40, show very different properties compared with
these three binders.

These similarities and differences point out that the perfor-
mance grading based on the creep-stiffness properties may
not be sufficient to comparethefailure characteristicsinterms
of failure strain or strength. It is observed that thereisasim-
ilar shift in the master curve to lower temperatures with the
grade of the binders. However, the shape of the curve and
the peak value vary significantly and are not well related to
the grade of the binder. It isalso observed that a better under-
standing of failure properties of modified binders is realized
by comparing the master curves of the stress at failure and the
strain at failure.

Similar results were obtained to evaluate the effect of the
PAV aging. The effect on the strength appears to be almost
negligible. The effect of the PAV aging on failure strain val-
ues is, however, very important and results in a significant
shift of the failure strain to higher temperatures, which is an
indication of brittleness. Thisfinding isimportant because it
shows that aging will affect strength differently in compari-
son with failure strain. The data indicate that the effect of
PAV aging on failure characteristics of modified binders
could bevery complicated and counterintuitive. Theseresults
confirm the importance of evaluating failure master curves
and the danger of using a one-point measurement to estimate
therole of bindersin cracking.

2.5.7.2 Correlation Between Failure
and Creep Properties

One of the concepts used to support the use of creep prop-
erties (i.e., stiffnessand m-value at 60 s) in the current Super-
pave specification (AASHTO MP1) is the high correlation
between creep and failure properties (14). The correlation
between critical temperatures estimated from §60) and m(60)
with cracking temperatures based on thermal stress and ther-
mal strain are shown in Figure 2.12. It is observed that, al-
though the trends are logical, the correlation is not very high.
The correlation coefficients, r?, for the stresscriterion are 0.49
with the m(60) critical temperatures and 0.58 with the S60)
critical temperatures. Moreover, there is awide scatter in the
data. The stress cracking temperature can vary by as much as
20°C for the same §60) or m(60) critical temperature. Given
the fact that the binder grading is based on 6°C intervals, this
correlation is not acceptable. Similar trends can be observed
in the case of failure strain cracking temperatures. The corre-
lation coefficients are 0.63 with critical temperatures esti-
mated based on m(60) and 0.57 with critical temperatures
estimated based on §60). The scatter around the correlation
lineisaso in the range of 20°C. Thus, thereisalogical rela
tionship, but no strong correlation, between creep properties
and failure properties for these modified binders. This indi-
cates that these measures cannot be surrogates to each other.
Thefailure propertieswill need to be measured and the crack-

ing temperatures should be estimated based on a collective
analysis of creep and failure data.

2.5.7.3 Effect of Modification on Glass-Transition
Temperature

Figure 2.13 is a summary of the glass-transition tempera-
tures (T,) estimated for a set of binders of different grades
and modification type. The base asphalt, aPG 70-22 prepared
from the Boscan crude, isalso shown asthefirst binder in the
figure. The T, values show that modification can havethesig-
nificant effect of either increasing or decreasing the T, of the
base asphalt. The data also show that the PAV aging can re-
sult in asignificant increase of the T, value.

The glass-transition temperature ranges between alow value
of —29°C for the PG 82 modified with ethyl-methyl-arylate
(EMA) and ahigh value of —=17°C for a PG 82 steam-digtilled.
The PG 76 grades show dlightly lower T, values, but also show
awide range of approximately 10°C. In the figure, there are
five PG XX-34 grades and three PG XX-40 grades. Thereis
aclear decreaseinthe Ty valuesfor these binders, which indi-
cates that improving the low-grade temperature is effective
inreducing the T, values. Thereductionis, however, not con-
sistent and is dependent on the modification technique.

It is also observed that the coefficients of contraction are
affected by modification. Figure 2.14 depicts the values of
the coefficients for the same set of binders. The values of the
coefficient below Ty, a4, are higher for all modified binders
compared with the base asphalt. The coefficients above T,
a,, show mixed changes relative to the base asphalt. It is
important to realize that the T, values and the coefficients can
have amajor impact on the cal culations of thermal stressand
thermal strain in thermal analysis.

To assume that there is a universal value for the coefficient
of contraction and that the effect of variation, Tg, is not im-
portant may result in serious errors. Unlike the T, values, no
clear distinction between grades or type of modifications could
be seen in these data. What is important to notice is the wide
range in these values. Many previous studies have indicated
that, for unmodified binders, the coefficients vary within anar-
row range. The results presented here show a change between
low values for a, of 525 - 10°%/°C and 725 - 10°%°C. Thisis
more than a35-percent change. For o, therangeiseven higher
and variesbetween alow valueof 175 10°%°C and amaximum
vaueof 475- 10°%/°C, whichismore than a 100-percent change.

The analysis of results collected using the direct tension
test (DTT) and the glass-transition measurement leads to the
following findings:

+ Modification can have a significant effect on cracking
temperature, and the effect is dependent on the criterion
used.

+ Performance grading based on the creep-stiffness prop-
ertiesis not sufficient to evaluate the failure character-
isticsin terms of failure strain or strength.
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Figure2.13 Effects of binder modification and PG grade on glass-transition temperature of asphalt binders.

A better understanding of failure properties of modified
bindersisrealized by comparing the master curvesof the
stressat failure and strain at failure. These master curves
give more significant and informative information com-
pared with calculating critical temperatures only.

The effect of PAV aging on failure characteristics of
modified bindersis very complicated and counterintu-
itive. This confirms the importance of evaluating the
failure master curves and the danger of using a one-
point measurement to estimate the role of the binder in
cracking.

Comparing the critical cracking temperatures by crite-
rion shows the variation in effects of the modifiers on
different properties. It also showsthat the approach of a
one-point critical-temperature estimation could be very
confusing and perhaps misleading.

Thereisaneed to carefully consider the cooling ratein
the field and use failure stress and failure strain master
curves to take into account the effect of cooling rate on
failure properties.

Thereisalogical relationship, but no strong correlation,
between creep propertiesand failure propertiesfor these
modified binders. This indicates that the measures can-

not be surrogates to each other. The failure properties
will need to be measured and the cracking temperatures
should be estimated based on a collective analysis of
creep and failure data.

* The T, values show that modification can have a signif-
icant effect by either increasing or decreasing the T, of
the base asphalt. It is also observed that the coefficients
of contraction are affected by modification.

» The change in glass-transition temperature caused by
aging varies significantly depending on the modifier type.

It isimportant to redlize that the T, values and the coeffi-
cients can have amajor impact on the cal cul ations of thether-
mal stress and thermal strain in the thermal analysis. To as-
sume that there is a universal value of the coefficient of
contraction and that the effect of variation Ty can be neglected
may result in serious errors.

2.6 EFFECT OF MODIFIED ASPHALTS ON THE
RHEOLOGICAL BEHAVIOR OF MIXTURES

The mixtures tested in this project were designed using
the Superpave volumetric design procedure as defined in
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Figure2.14 Effects of binder modification and PG grade on the thermal coefficients of contraction of asphalt binders.

AASHTO MP2. In the mixture design process, the base (i.e.,
unmodified) asphalt was used to determine the asphalt con-
tent and to check the volumetric properties. The complete
mixture design results are shown in Appendix A of thisre-
port. No attempt was made to characterize the mixture pro-
duced with the unmodified asphalt. The focus of the project
was to evaluate the effect of modification type rather than to
compare modified with unmodified mixtures.

Two performance specimenswere prepared with the Super-
pave gyratory compactor at air voids of 3.5 + 0.5 percent for
each cell in the experiment. The mixtures were subjected
to short-term oven aging (4 h at 135°C). The performance
specimens were prepared according to the Superpave recom-
mended protocols. Two test specimens, each 50 mmin height,
were cut from the larger performance specimens prepared
with the Superpave gyratory compactor.

2.6.1 Relationships Between Binder and
Mixture G* Values at Selected Conditions

To quantify the relationship between binder and mixture
G* values, all nine modified binders were aged in the RTFO

and tested under temperature and frequency conditions com-
parable with those conditions used in the FSCH testing of
mixtures. The binders were also tested at multiple strain lev-
elsto simulate the conditions of high and low strains used in
the mixture testing. The G* values of mixtures and binders,
calculated from averaging two replicates, were plotted in the
format of XY plotsasshownin Figure 2.15. For each binder,
four G* values representing the measurements at 52°C and
at the IT were used. At each temperature, frequencies of
0.1 Hz and 10 Hz were used. These conditions were selected
to represent the HT, 52°C, at which rutting is believed to be
important, and the I T, at which fatigue isimportant.

To take into account the effect of strain level during test-
ing, two levels of strain were selected. The low-strain condi-
tions were represented by the mixture results at 0.01 percent
(100 microstrain) and the binder results at 1 percent (see Fig-
ure2.15[a]). Torepresent the high strain conditions, the mix-
ture results at 0.1 percent (1,000 microstrain) and the binder
resultsat 10 percent strain were used. Thedetailed dataanaly-
sis was documented in afinal topical report for Task 8. The
following representsasummary of themain findings supported
by sample data.
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Figure 2.15 Relationship between binder and mixture G* measured at same temperature and frequency

for PG 82 SBS binder and mixtures with four types of aggregates.
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2.6.1.1 Effect of Aggregate Properties
on Rheological Behavior

Plotting the binder G* versus mixture G* indicated that
the relationship approximately follows a power-law func-
tion. Asshownin Figure 2.15, alog-log plot resultsinasim-
pler linear relationship. In the plots, the fitted power-law
model parameters are shown for individual mixtures accord-
ing to the binder used and the aggregate type. The power-law
model used to fit the datais as follows:

Ghix = AGhn)® 2

where A and B are model parameters. Parameter A can be
considered a hypothetical intercept representing the mixture
G* at avery low value of binder G*.

The data in Figure 2.15 include four types of aggregates:
limestonefine and coarse gradations and gravel fineand coarse
gradations. The data shown are for a PG 82-22 binder modi-
fied with SBSr. Several important observations can be derived
from this sample plot:

* The average slope in the log-og plots is approxi-
mately 0.50, which implies that a 10-fold increase in
binder G* trandatesinto only a3.16-fold increasein mix-
ture G*.

» Thegradation does not appear to be an important factor,
and, infact, the coarse and fine gradations of each aggre-
gate source were fitted to one curve with a high degree
of correlation.

» Aggregate source is more important than gradation for
both strain levels. The gravel mixtures have a lower
overall G* value compared with the limestone mix-
tures. The limestone mixtures have lower intercept val-
ues, but higher slope values compared with the gravel
mixtures for the same type of binder and for a given
range of binder G*. This trend is reasonable because
angular aggregates are expected to be more sensitiveto
binder properties.

» Thereisasignificant effect of the strain level. For this
binder, it appears that changing the strain from 100 to
1,000 microstrain in mixture testing resulted in greater
effects than those effects contributed by the source and
the gradation combined.

» The analysis of the full data set indicated the following
important trends:

—There isasignificant effect of the modification type,

—There isasignificant effect of the strain level, and

—There does not appear to be a major effect of aggre-
gate gradation on the relationship between binder and
mixture G* values.

In order to present the details of the effects of modification
type, the analysis was expanded to present the relationships
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for the nine binders with each of the mixtures and at each
level of strain. Theseresults are discussed in the next section.

2.6.1.2 Effect of Binder Modification
on Mixture Performance

Figure 2.16 presents the relationship between G* for nine
binders tested in this part of the project and the G* of the
limestone coarse mixtures made with these binders measured
at the low strain level. The table embedded in the plot pro-
vides the intercept and slope for each of the binders as well
asthe values for the overall fit for al the data. The data sets
were sorted by mixturetype and by strainlevel and wereplot-
ted for other mixtures and strain levels. Figure 2.17 shows a
similar plot comparing the averaged fitted model for low
strain and high strain for the limestone and the latter with the
gravel coarse at high strain. The full set of data and their
analysis are presented in the final topical report for Task 8.
The analysis led to the following findings:

» The G* values of mixtures are a smple function of the
binder G* values. Using the power-law function, the mix-
ture G* can beplotted asalinear function of thebinder G*
on alog-og plot. The plot defines the mixture G* values
in terms of an intercept parameter and a dope parameter.

» Theintercept and the slope values are highly dependent
on the modification type of the binder and the strain level
of testing.

* The slope parameter of the log—log relationship is ap-
proximately 0.5, indicating that for every 10-fold change
in binder G*, the mixture G* changes by afactor of 3.2.

+ At higher strains, the mixtureis more sensitive to binder
G*. Also, the variation in mixture G* changesin modi-
fication type is significantly higher than the variation at
low strains.

» Aggregate gradation shows only a minor effect on the
intercept and the slope values compared with other fac-
tors. Aggregate sourceis moreimportant than gradation,
but has less effect in comparison with the modification
type or strain level.

2.6.2 Sensitivity of Mixture Properties
to Temperature and Frequency

Temperature, traffic speed, and strain are among the most
important factors affecting asphalt pavement response. To
guantify the sensitivity of mixture propertiesto selected chan-
ges in these factors, the fitted rheological models were used
to calculate theratios of the values of G*, G', and G" at 46°C
to the corresponding values at 52°C for all the 36 mixtures
tested. Theratiosgrouped by aggregate type were used to pro-
duce column charts for comparison as shown in Figure 2.18.
In addition, the effect of frequency, which represents the ef-
fect of traffic speed, was measured by cal culating the rati os of
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Figure2.16 Effect of grade and modification type of binders on the rheol ogical
properties of mixture produced using the limestone coarse aggregate (low-strain

conditions).

the values at 10 Hz to the values at 0.1 Hz at 52°C, as shown

in Figure 2.19. The effect of the frequency isa so evaluated at

the intermediate grade temperature, as shown in Figure 2.20. .
In each of these figures, the binder ratios are also shown in

order to compare relative roles of binders and aggregates in

the changes in rheological properties of mixtures. The analy-

sisof these results led to the following findings:

+ Bindersvary significantly in their sensitivity to temper- .
ature and frequency. This variation is carried over into
the mixture properties.

* The sensitivity of mixtures to temperature is signifi-
cantly lower than the sensitivity of binders. In addition, .
the effect of changing temperature by 6°C on mixtures

ranges between a relative value from 1.1 to 1.6; for
binders, it isin therange of 1.7 to 3.4.

The sensitivity of mixtures to frequency is also signifi-
cantly lower than the sensitivity of binders. The sensi-
tivity isalso highly dependent on the temperature range.
At 52°C, the effect of changing frequency from 0.1 Hz
to 10 Hz on mixtures is a relative change of 3 to 6; for
binders, it isin range of 16 to 24.

At|Ts, theeffect of frequency isnot ashigh asat the HT
range. The relative change for the same range of fre-
guency is between 2 and 4 for mixtures and between
5and 11 for binders.

The viscoelastic properties of binders, in terms of sep-
aration of this responseinto the loss and storage com-
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Figure2.17 Effect of grade and modification type of binders on the rheological
properties of mixture produced using the gravel coarse aggregates (high-strain
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conditions).

ponents, do not appear to have a significant impact
on mixtures at HT. At 52°C, the relative changes of
the storage (G') and loss (G") moduli are very similar
and not sensitive to the binder viscoelastic charac-
teristics. At ITs, the storage moduli (G') of mixtures
are more sensitive to the frequency than are the loss
moduli (G").

2.6.3 Mixture Rheological Master Curves

Master curves provide a fundamental rheological under-
standing of viscoelastic materials and allow an estimation of
mechanical properties at wide ranges of temperature and fre-

guency that could be realized in the field, but that are not
practical to directly simulate in the laboratory. In this study,
an attempt was madeto devel op amodel for the master curves
of mixtures as well as for binders. This model was used to
describe the role of binder modification and grade in chang-
ing the overall rheological behavior of mixtures.

Many researchers have attempted to model the behavior of
asphalt binder or asphalt mixture (46-53). However, a uni-
versal model for the characterization of both asphalt binder
and mixture with one being the other’s special case has not
been found in the literature. A mathematical model that best
characterizes asphalt mixture and binder was devel oped dur-
ing this study. Thismodel is composed of four equations for
the complex modulus master curve, phase-angle master curve,
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temperature-shift factor, and strain-shift factor. The equation
for complex modulusis given by

G - G

- *
T ™

3

where

Gt=G* (f - 0), equilibrium complex modulus, G% =0
for binders and G% > 0 for mixtures in shear;
Gy =G* (f - =), glass complex modulus;
f. = location parameter with dimensions of frequency;
f' = reduced frequency, function of both temperature
and strain; and
k, m, = shape parameters, dimensionless.

Figure 2.21 (a) illustrates the complex modulus master
curve in Equation 2-3. It can be seen that Gj is the horizon-
tal asymptoteat f — o, and G isthe horizontal asymptote at
f - 0. The G% asymptote is zero for binders. The third
asymptote is the one with a slope of m..

The G} and m, asymptotes intercept at f.. The G and me
asymptotes intercept at

oGt 0™

fe = fcgég (4)

For binders, f. = 0.
The distance (onelogarithmic decade being unity) between
G*(f.) and G§ for asphalt bindersis given by

- 2m
R = log (5)
1+ (2™ -1)Gk/G}

For binders, G§ = 0, R = m./klog2.
The distance between G*( f.) and G isgiven by

* * melj
e S
E e e O

For binders, R' = log2.
The equation for phase angle of the model is as follows:

me/k

S©
:

—-mg/2

uog(fd/f')ﬁg
5 R 0

& =90l - (%I - 6m)E1+ (7)
0

where

0, = phase-angle constant at f;, the maximum valuefor
asphalt mixtures, and thevalue at theinflexion for
asphalt binders;

f' = reduced frequency;
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fy = location parameter with dimensions of frequency,
at which &, occurs;
Ry, My = shape parameters; and

for mixtures
I =Joif f > f,

1if f < f, for binders

Equation 2-7 satisfies the requirement that the phase angle
should vary from 90 to O degrees when the frequency isin-
creased from zero to infinity for asphalt binders as viscoelas-
tic fluids. On the other hand, for asphalt mixturesin shear as
viscoelagtic solids, this equation satisfies the requirement that
the phase angle increases from 0 to a peak value somewhere
in the middle and returns to O degree when the frequency is
increased from zero to infinity.

It is noted that, in the case of the asphalt binder, Equa-
tion 2-7 offers an inflexion at f4 in the relationship between
logarithmic frequency and phase angle. Measurements on
modified asphalt binder systems in this study (see the next
section) and elsewhere do exhibit this trend (54). It is aso
noted that the parameters in Equation 2-7 are independent
of thosein Equation 2-3, thus allowing the diversity of mat-
erial behavior. Using the same parameters for the phase
angle and for the complex modulus implies that, for differ-
ent materials, aslong as complex moduli are the same, their
phase angles will necessarily be the same under a given set
of conditions, which might cover important differencesamong
various materials between the extremes in the frequency
domain.

The Williams-LandelFerry (WLF) formulation (55) is
used in the model to express the temperature-shift factor in
this study:

a(T) _ _ a(T - To)
100 ar(h) G +(T-T) ®
where

ar = temperature-shift factor,
T, = reference temperature,
¢, = constant, and

C, = temperature constant.

Asfor the strain dependency, the WLF equationis utilized
to formulate the strain-shift factor, which has been indicated
to be effective (56), as follows:

a,(y) _ di(y — Yo)
I = - 9
* a,(Yo) d; + (Y = Yo) ©
where

a, = strain-shift factor,
Yo = reference strain,
d; = constant, and

d, = strain constant.
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The reference temperature, Ty, and reference strain, Y, can
be arbitrarily chosen for convenience. A reference tempera
ture T, = 52°C and a reference strain y, = 0 are used in the
analysisof thetest data. Because the single complex or phase-
angle curve accounts for both temperature and strain effects,
itistermed “master—master curve” to differentiateit from tra-
ditional master curve that accounts for the temperature effect
only. A spreadsheet program was used to cal cul ate the model
parameters and determine the shift factors. Figure 2.21(b) is
an exampl e of the complex modulus master—master curvefor
abinder and a mixture with the binder. Details of the model-
ing are found elsewhere (57). The following focuses on the
complex modulus of the materials tested in this study.

Although the model developed is statistical (i.e., phenom-
enological), the parameters haveimportant physical meaning:

« GListheequilibrium modul us representing the minimum
modulus that a mixture can offer in shear. This asymp-
totic valueis assumed to represent the ultimate interlock
between aggregates when the contribution of the binder
inamixtureisassumed to be negligible. It also represents
the modulus at very low frequencies or HTs.

*+ Gj is the maximum asymptotic modulus in shear that
represents response at very high frequencies or LTs, at
which the binder in amixture could contribute the most
to the mixture modulus.

» kand m. are shape parameters. Theratio of m.to k multi-
plied by log2 gives a shape index caled “R,” which is
shown in Figure 2.21 (a). Thisindex is an indicator of
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the width of the relaxation spectrum. A higher valueis
an indication of more gradual transition from the elastic
behavior to the viscous behavior. It indicates|ess sensi-
tivity to frequency changes, generally lower G* values,
and higher phase angles within the intermediate range
of frequency.

* The parameter f. is alocation parameter indicating the
frequency at which the elastic component (G') is approx-
imately equal to the viscous component (G"). A higher
value of f. is an indication of a higher phase angle and
thusagreater overall viscous component in the behavior.

Figure 2.22 depicts three examples of the master curves
determined for one of the aggregates, mixed with each of
three binders. The model used and the model parameters are
shown in the insert in the same figure. Initial analyses of
the mixture rheological master curves revealed that they are
significantly affected by aggregate, binder, temperature, fre-
guency, and strain.

The objective of this analysis is to determine which of
these parameters are mostly affected by the aggregate type
binder properties and to identify the effects of binders and
aggregates on the general and detailed response of asphalt
mixtures. If this could be achieved, a better understanding of
the role of bindersin mixturesis possible.

Using this approach, the data for the 36 tested mixtures
wereanalyzed; theresultsareshownin Table 2.9. Figures2.23
and 2.24 compare m, for the different binders mixed with the
four different aggregates. The data presented in the table show

1E+07 1 ‘
- = = PG82 SBR 0.01% strain
------ PG76 ET 0.01% strain
——— PG76 Oxd 0.01% strain
1E+06 |
[ | =—PG76 Oxd 0.1% strain
Y.
Lol
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*
(U]
1E+04 s o]
s Pl
- ”
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1E-04 1E-02 1E+00 1E+02 1E+04 1E+06

1E+08

Reduced Frequency (Hz)

Figure2.22 Master G* curvesfor two binders at 0.01 percent strain and one binder
at 0.01 and 0.10 percent strains (limestone coar se aggregate).



TABLE 2.9 Model parametersestimated for the bindersand mixturestested

G* = G*HG*-G* {1+ (a,arD ] ™

Binder Aggregate G*. (kPa) | G*, (kPa) i, (Hz) K o R
PG 82 SBSr Binder 0.00E+00 | 1.00E+06 | 3.06E+02 | 0.105 | 1.000 2.878
LS Coarse 2.58E+04 | 4.36E+06 | 1.38E+03 | 0.375 | 0.395 0.318
LS Fine 6.41E+03 | 3.39E+06 | 3.26E+02 | 0.326 | 0.403 0372

GRVL Coarse | 9.62E+03 | 3.94E+06

1.91E+03 | 0.414 | 0.411 0.299

GRVL Fine 5.98E+03 | 4.57E+06

1.10E+03 | 0.276 | 0.463 0.505

PG 82 PEs Binder 0.00E+00 | 1.00E+06 | 2.07E+02 | 0.112 | 1.000 2.694
LS Coarse 1.46E+04 | 3.82E+06 | 1.90E+03 | 0.400 | 0.367 0.277
LS Fine 3.18E+04 | 5.28E+06 | 4.48E-+02 | 0.300 | 0.397 0.398

GRVL Coarse | 1.07E+04 | 3.89E+06

7.79E+02 | 0.381 | 0442 0.349

GRVL Fine 5.89E+03 | 4.51E+06

2.12E+03 | 0.369 | 0.426 0.348

PG 82 SD Binder 0.00E+00 | 1.00E+06 | 4.18E+02 { 0.130 | 1.000 2310
LS Coarse 2.07E+04 | 4.68E+06 | 1.80E+02 | 0.348 | 0.527 0.455
LS Fine 3.99E+04 | 429E+06 | 5.58E+01 | 0.324 | 0.534 0.497

GRVL Coarse | 3.60E+03 | 6.51E+06

1.73E+02 | 0.277 | 0.495 0.538

GRVL Fine 4.75E+03 | 5.09E+06

1.66E+02 | 0.278 | 0.529 0.572

PG 82 Binder 0.00E+00 | 1.00E+06 | 3.99E+02 | 0.112 | 1.000 2.685
LS Coarse 2.69E+03 | 4.33E+06 | 1.94E+03 | 0.364 | 0.464 0.383
LS Fine 1.41E+03 | 3.94E+06 | 1.23E+03 | 0.391 | 0.411 0316

GRVL Coarse | 4.69E+02 | 4.11E+06

4.09E+03 1| 0.404 | 0.442 0.329

GRVL Fine 2.68E+02 | 4.11E+06

4.30E+03 | 0.386 | 0.434 0.339

PG 76 ET Binder 0.00E+00 | 1.00E+06 | 2.55E+02 | 0.103 | 1.000 2.921
LS Coarse 1.59E+04 | 3.75E+06 | 3.61E+03 | 0.366 | 0.377 0.310
LS Fine 7.85E+03 | 4.72E+06 | 3.41E+03 | 0.368 | 0.402 0.329

GRVL Coarse | 3.29E+03 | 3.86E+06

1.01E+04 | 0.444 | 0.395 0.268

GRVL Fine 3.46E+03 | 3.98E+06

6.64E+03 | 0.345 | 0.421 0.368

PG 76 Oxd Binder 0.00E+00 | 1.00E+06 | 2.58E+02 j 0.109 | 1.000 2.772
LS Coarse 1.30E+03 | 4.14E+06 | 2.54E+03 { 0.382 | 0.408 0.322
LS Fine 1.19E+03 | 4.95E+06 | 6.01E+02 | 0.289 | 0.438 0.457

GRVL Coarse | 6.98E+02 | 4.71E+06

8.58E+03 | 0.377 | 0.420 0.335

GRVL Fine 9.53E+02 | 4.39E+06

3.84E+03 | 0.355 | 0.426 0.361

PG 58 SBSI Binder 0.00E+006 | 1.00E+06 | 1.83E+02 | 0.077 | 1.000 3.903
LS Coarse 1.35E+04 | 4.18E+06 | 4.50E+02 | 0.130 | 0.464 1.079
LS Fine 1.48E+04 | 4.43E+06 | 7.28E+02 | 0.145 | 0.564 1.168

GRVL Coarse | 4.73E+03 | 4.50E+06

1.62E+01 | 0.130 | 0.753 1.745

GRVL Fine 3.55E+03 | 4.44E+06

8.89E+05 | 0.172 | 0.364 0.637

PG 58 SB Binder 0.00E+00 | 1.00E+06 | 9.64E+02 | 0.087 | 1.000 3.463
LS Coarse 1.35E+04 | 4.18E+06 | 1.10E+02 | 0.154 | 0.667 1.302
LS Fine 1.48E+04 | 4.43E+06 | 6.02E+02 | 0.176 | 0.583 0.999
GRVL Coarse | 4.73E+03 | 4.50E+06 | 3.02E+02 | 0.154 | 0.697 1.361
GRVL Fine 3.55E+03 | 444E+06 | 8.27E+02 | 0.132 | 0.503 1.144

PG 58 Oxd Binder 0.00E+00 | 1.00E+06 | 3.54E+02 | 0.081 { 1.000 3.718
LS Coarse 1.35E+04 | 4.18E+06 | 4.23E+03 | 0.160 | 0.454 0.856
LS Fine 1.48E+04 | 4.43E+06 | 1.74E+04 | 0.180 | 0.395 0.661

GRVL Coarse | 4.73E+03 | 4.50E+06

3.04E+05 | 0.212 | 0.376 0.534

GRVL Fine 3.55E+03 | 4.44E+06

9.05E+05 | 0.214 | 0.324 0.455

that thereisasignificant binder-aggregate interaction effect on .

all model parameters.
The following are seen in the model parameters shown in
Table 2.9 and Figures 2.23 and 2.24:

» Thereis areatively significant interaction with aggre- .

gates characteristics. The coarse gradations show higher
“R" values compared with the fine gradations for sev-
eral of the binders. However, it is difficult to identify a
specific trend that is related to the type of modification.

The gravel aggregates tend to show higher values of the
critical frequency “f.” values compared with the lime-
stone aggregates. The interaction between binders and
aggregates is significant such that the binder f, values
are not readily reflected in the mixture f, values.

Theglassy moduli G3aregenerally not sensitiveto binder
type or aggregate characteristics. The vaues of the equi-
librium modulus G% show that mixtures vary within a
widerangeinthisparameter. Ingeneral, the PG 82 grades
result in ahigher value of G% for the mixtures. The trends
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are, however, not consistent and it is difficult to identify ent that the interaction between asphalts and aggregates
a specific trend in terms of binder modification or aggre- isvery complex and does not alow simple separation of
gate characterigtics. the binder and aggregate effects.

Theanalysis using the rheological model does not appear

to bevery useful inidentifying the critical aspectsof mix- The modeling, however, has shown that the temperatureand

ture behavior to which the binders contribute. Itisappar-  strain effects can be assumed separable and can be accounted
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