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FOREWORD

By Edward T. Harrigan
Saff Officer
Transportation Research
Board

This report presents the findings of a research project to determine the suitability
of the Asphalt Pavement Analyzer, which is a loaded-wheel tester, (1) as a genera
method of predicting rutting potential and (2) for usein field quality control and qual-
ity acceptance operations. Thereport will be of particular interest to materials engineers
in state highway agencies, aswell as to materials suppliers and paving contractor per-
sonnel who are responsible for the design and evaluation of hot mix asphalt.

Increased truck traffic, heavier axle loads, higher tire pressures, and increasing use
of super-single tires have contributed to the demand for rut-resistant hot mix asphalt
(HMA). The prevention of premature rutting of HMA pavements relies on proper mix
design, production, and construction. The Strategic Highway Research Program provided
severa new techniquesto prevent rutting failuresthrough laboratory evaluation of HMA
materials during the mix design process; however, these tests are often time consuming,
require fairly complex test equipment, and are not intended for quality control and qual-
ity acceptance (QC/QA). Therefore, work has continued in the public and private sectors
on the development of simpler, quicker tests to predict rutting during HMA mix design
aswell asfor QC/QA of HMA production and pavement construction.

The Asphalt Pavement Analyzer (APA) has been widely adopted as a straightfor-
ward method to evaluate HM A rutting potential in mix design and QC/QA applications.
However, the APA test does not yield afundamental material property that can be used
with appropriate materials characterization and distress prediction models to predict
rutting performance. A key issue with the APA (or with any other method intended for
this purpose, including other types of loaded wheel testers and simple strength tests) is
the degree to which the rel ationship between the APA’ stest results and actual field per-
formance depends on specific project-associated factors such as aggregate properties,
mix designtype, traffic level, and traffic speed. The utility of the APA will be enhanced
if it isknown to provide results that are directly comparable across disparate projects.

Under NCHRP Project 9-17, “Accelerated Laboratory Rutting Tests: Asphalt
Pavement Analyzer,” the National Center for Asphalt Technology (NCAT) at Auburn
University was assigned the tasks of (1) evaluating the APA to determine its suitabil-
ity asageneral method of predicting rutting potential and for usein field QC/QA oper-
ations and (2) comparing its effectiveness with that of other loaded wheel testers and
simple performance tests such as those identified in NCHRP Project 9-19, “ Superpave
Support and Performance Models Management.”

The research team reviewed the literature on the devel opment and use of the APA
and used the results of the review to design and carry out a comprehensive program of
laboratory testing with HMA mixes of known performance to validate the APA as a
general method of predicting rutting potential. The laboratory testing program was
organized in two phases and made extensive use of original materials, loose mix, and
performance data from severa large-scale accelerated pavement tests—WesTrack,



MnRoad, the FHWA Accelerated Loading Facility, and the NCAT Test Track—and
from the Nevada DOT 1-80 field experiment. In the first phase, numerous APA testing
conditions were evaluated to develop a preliminary APA test method whose results
showed the best relationship to measured field performance. In the second phase, this
preliminary method was validated with results obtained from a second, independent set
of HMA materias and field performance data.

Through the first phase of the testing program, the research team found that the
APA test method with the best relationship to performance featured the use of
(1) cylindrical specimens compacted to 4-percent air voids or beam specimens com-
pacted to 5-percent air voids, (2) a test temperature corresponding to the high tem-
perature of the standard binder performance grade for the project location, and
(3) astandard APA linear hose.

The validation phase of the testing program established that laboratory rut depths
measured with the preliminary APA method correlated well with field performance on
an individual project basis. However, it was not generally possible to predict field rut
depthsfrom APA testing on any given project using relationshi ps devel oped from other
projects with different geographic locations and traffic.

Further, the report identified several issues that will need to be addressed through
future research before the issue of the suitability of the APA asafield QC/QA method
can be settled. Finally, the report presents limited rel ationships between field rut depths
and test results comparing the APA with the Hamburg Wheel Tracking Device and the
simple performance tests from NCHRP Project 9-19.

Thisfinal report includes a detail ed description of the experimental plan, adiscus-
sion of the research results, and two supporting appendixes:

» Appendix A: Literature Review; and
» Appendix B: Preliminary APA Test Method.

The research results have been referred to the TRB Mixtures and Aggregate
Expert Task Group for its review and possible recommendation to the AASHTO
Highway Subcommittee on Materials for adoption of the draft test method presented
in Appendix B.
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ACCELERATED LABORATORY RUTTING TESTS:
EVALUATION OF THE ASPHALT PAVEMENT ANALYZER

SUMMARY

The conclusions from this study are based upon the research results obtained during
two phases of research. The first phase of work was conducted to identify test condi-
tions within the Asphalt Pavement Analyzer (APA) that produced results most related
to field rutting performance. The results were used to recommend a tentative APA test
method. Based on this phase of work, cylindrical samples compacted to 4-percent air
voids and beam samples compacted to 5-percent air voids resulted in APA laboratory
test results that were more closely related to field rutting performance than were cylin-
drical and beam samples compacted to 7-percent air voids. Samples tested in the APA
at atest temperature corresponding to the high temperature of the standard performance
grade for a project location better predicted field rutting performance than did samples
tested at 6°C higher than the high temperature of the standard performance grade. Sam-
plestested with both the standard and large-diameter hoses predicted field rutting per-
formance about equally; however, samplestested with the standard hose produced less
variability. Beam and cylindrical samples predicted field rutting performance about
equally.

The second phase of the study was conducted to validate the proposed APA test
method. Laboratory rut depths measured by the APA had good correlations on indi-
vidual project basis; however, itisgenerally not possibleto predict field rut depthsfrom
APA testing on a specific project using relationships developed from other projects
with different geographical locations and traffic.




CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

1.1 INTRODUCTION

Permanent deformation, or rutting, has been and continues
to be aproblem in the performance of hot mix asphalt (HMA)
pavements. Rutting is defined as the accumulation of small
amounts of unrecoverable strain resulting from applied loads
to the pavement. This deformation is caused by the consoli-
dation, alateral movement of the HMA under traffic, or both.
Shear failure (lateral movement) of the HMA courses gener-
ally occurs in the top 100 mm of the pavement surface (1).
Rutting not only decreasesthe useful servicelife of the pave-
ment, but also creates a safety hazard for the traveling pub-
lic. In recent years, the potential for rutting on the nation’s
highways hasincreased due to higher traffic volumes (equiv-
alent single axle loads [ESALS]) and the increased use of
radial tires, which typically exhibit higher inflation pressures.

A standardized accelerated laboratory test to predict HMA
rutting potential that is relatively inexpensive and useful for
quality control/quality assurance (QC/QA) testing would be of
great benefit. Currently the most common type of standardized
laboratory test of this nature is aloaded wheel tester (LWT).
Numerous types of LWT equipment are available, such asthe
Georgia Loaded Whedl Tester, the Asphalt Pavement Ana
lyzer (APA), the Superfos Construction Rut Tester, the Ham-
burg Wheel Tracking Device, and the French Laboratoire Cen-
tral des Ponts et Chaussées (L CPC) Wheel Tracker.

In an effort to identify HMA mixtures that may be prone
to rutting, many agencies have begun using LWTSs as sup-
plements to their mixture design procedures. The LWTs
allow accelerated proof testing of mix designs.

In order for LWT devices to be used with a significant
level of confidence, there needs to be an acceptable correla-
tion of actual field rutting to those values predicted by LWTs
inthelaboratory. Some of the agenciesusing LWTshaverec-
ognized this fact and have conducted research projects to
determine the degree of correlation between field perfor-
mance and laboratory LWTSs.

Because of the successes of some agencies using the APA,
the objectives of project, NCHRP Project 9-17, areasfollows:

1. Evaluate the APA to determine its suitability asagen-
eral method of predicting rut potential and for use in
field QC/QA testing and

2. Compare the effectiveness of the APA with that of
other LWTs and with a simple strength test.

This project will focus on the APA because it isthe LWT
most widely used in the United States. Where possible, APA
resultswill be compared with results obtained on a common
set of materials from other LWTs in order to provide alink
to past results with the other devices and to better estimate
their effectiveness compared with the APA.

1.2 DESCRIPTION OF THE APA

The original version of the APA was the Georgia L oaded
Wheel Tester (GLWT), shown in Figure 1, which was devel-
oped during the mid-1980s through a cooperative research
study between the Georgia DOT and the Georgia I nstitute of
Technology (2). Development of the GLWT consisted of
modifying a wheel-tracking device originally designed by
C.R. Benedict of Benedict Slurry Seals, Inc., to test slurry
seals (2). The primary purpose for developing the GLWT
wasto perform efficient, effective, and routine laboratory rut
proof testing and field production quality control of HMA (2).

The APA, shown in Figure 2, is a modification of the
GLWT and was first manufactured in 1996 by Pavement
Technology, Inc. The APA has been used to eval uate the rut-
ting, fatigue, and moisture resistance of HMA mixtures.
Because the APA is the second generation of the GLWT, it
follows a similar rut-testing procedure. A wheel is loaded
onto a pressurized linear hose and tracked back and forth
over atesting sample to induce rutting.

1.3 SCOPE
To accomplish the research objectives, eight tasks were
conducted; their descriptions follow.
1.3.1 Phasel
Task 1: Determine the Sate of Practice

In Task 1, aliterature search and review was conducted
to determine the current state of practice for the APA as



Figurel. GeorgiaLoaded Wheel Tester.

well as for other LWTSs. Results of Task 1 are presented in
Chapter 2.

Task 2: Develop Experimental Plan

In order to evaluate the ability of the APA to predict field
rutting potential, a statistically controlled experimental plan
was developed. A significant effort was applied to identify
HMA mixes with known field performance that represented
a range of climatic, materials, and project characteristics.
Those HMA mixtures are described in Chapter 3. Chapter 4
details the experimental plan.

Task 3: Submit Interim Report

Task 3involved preparing an Interim Report documenting
theresults of Tasks 1 and 2. The Interim Report was submit-
ted to NCHRP in August 1999.

1.3.2 Phase ll
Task 4: Conduct Laboratory Work

After approval of the experimental plan contained in the
Interim Report, testing of the approved HMA mixeswas con-
ducted. A summary and analysisof those resultsare provided
in Chapter 5.

Figure2. Asphalt Pavement Analyzer.

Task 5: Develop Preliminary Test Method in
AASHTO Format

Based upon the conclusions drawn from Task 4, aprelim-
inary AASHTO test method for the APA was developed.
Thismethod is provided in Appendix B.

Task 6: Submit Interim Report

In December of 2000, an Interim Report was submitted to
document the research conducted in Tasks 1 through 5. Also
included in this report was an experimental plan to validate
the preliminary test method. Fourteen additional mixes of
known field performance wereidentified for this experiment.
Chapter 6 details the work plan and mixes for Task 6.

1.3.3 Phase lll
Task 7: Validate Preliminary Test Method

In Task 7, the 14 new HMA mixes were tested and ana-
lyzed to validate the proposed test method. Theresultsof this
analysis are presented in Chapter 7.

Task 8: Final Report

This final report was prepared documenting all of the
research conducted in Tasks 1 through 7. Chapters 8 through
10 present (1) afuture work plan for an extended field valida-
tion of the APA method, (2) arecommended practice for tai-
loring the APA specification criteria to local conditions, and
(3) a summary of the conclusions of NCHRP Project 9-17,

respectively.




CHAPTER 2
STATE OF THE PRACTICE (PHASE I)

2.1 INTRODUCTION

Task 1 of the project reviewed the literature for informa-
tion on the state of the practice for the APA and other LWTSs.
This review was to address each LWT’s suitability for pre-
dicting the rutting potential of HMA during laboratory mix
design and QC/QA testing.

Theliterature review was conducted to specifically answer
the following questions:

1. What are the key test parameters, limitations, material
sensitivities, and boundary conditions utilized by vari-
ousLWTs?

2. What are the conclusions and recommendations of
researchers who have evaluated various LWTS, specif-
ically the suitability of LWTsto predict rutting?

3. What areas need further evaluation and standardization
to verify or improvethe APA’ sability to predict rutting?

The predominant LWTs found in the literature were the
French, Hamburg, and APA LWTsand the GLWT. However,
some references were found that included other types of
LWTs. Additionally, some publications compared different
LWTs during research. Detailed summaries of articles and
papersfound intheliterature are provided in Appendix A. Fol-
lowing is a summary of the state of the practice for the APA.
Also described are potentia factors or variables that were
evaluated or standardized during NCHRP Project 9-17. For
those variablesin which theliterature suggests no further eval-
uation or standardization is needed, justification is provided.

The APA isessentialy the second generation of the GLWT.
The GLWT was developed during the mid-1980s through a
cooperative research study between the GDOT and the
Georgia Institute of Technology (GIT) (2). The GIT modi-
fied an existing machine developed by C.R. Benedict of
Benedict Slurry Seals, Inc., for designing and testing slurry
seals (2). Subsequent research studies conducted by GIT for
GDOT made further improvements to the GLWT (3, 4).
During the mid- to late-1990s, Pavement Technology, Inc.,
developed the APA. ThisLWT combined the testing method-
ologies of the GLWT with some improvements; therefore, it
has been called the second generation of the GLWT.

During the literature review, numerous variables were
identified for potential inclusion in the experimental design

for NCHRP Project 9-17. Table 1 presents these variables
and different levels for each factor.

Obviously, thetime and budget constraints for this project
did not allow for all factor-level combinationslistedin Table
1 to be studied; however, many of the variables have been
studied by other researchers. The following paragraphs dis-
cuss each of the variables and identify whether additional
evaluation was warranted.

Thefirst factor in Table 1 is compaction method for sam-
ples. The original compactor used by Lai was a kneading
compactor (2) with a“loaded” foot. Subsequent compactors
used with the GLWT and APA were acompression machine
(5, 6); arolling compaction machine (7, 8, 9); a Superpave®
Gyratory Compactor (SGC) (9, 10, 11, 12, 13); an Asphalt
Vibratory Compactor (AVC) (11, 13, 14, 15); and a vibrat-
ing hammer (16, 17). In the research studies conducted
within the last few years, the SGC and AV C have been the
predominant compactors used. Several studies have com-
pared cylindrical specimens from the SGC and beam speci-
mensfromthe AV C. Collinset al. (10) suggested that thetwo
specimen typesranked the mixtures similarly; however, it was
shown that they do not provide similar rut depths. Because
these two types of compactor rank mixtures similarly but
provide significantly different rut depths, they wereincluded
within the experimental plan.

The second factor in Table 1 istest temperature. The orig-
inal work by Lai used atest temperature of 35°C (95°F) (2).
Thistemperature was selected becauseit corresponded to the
average high summer air temperaturein Georgia. SinceLai’s
original work, test temperatures have steadily increased for
the GLWT and APA. The most recent work has stated (or
inferred) that testing should be conducted either at expected
high pavement temperatures or at the high temperature of the
standard performance grade—that is, at the performance grade
of an asphalt binder before any “bumping.” For instance, based
upon the program LTPP Bind, the standard performance
grade for Auburn, Alabama, is a PG 64-16 at a 98-percent
reliability. The standard performance grade for Minneapolis,
Minnesota, is a PG 58-34, also at a 98-percent reliability.
Therefore, using the argument that testing in the APA should
be conducted at the high temperature of the standard perfor-
mance grade, mixesin Auburn would betested at 64°C while
mixes in Minneapolis would be tested at 58°C. LTPP Bind
provides actual pavement temperatures of 55.0 and 46.7°C at



TABLE 1 Compilation of variablesfor LWT devices deter mined from literaturereview

Sample Conditioning

Factor Level Factor Level
Rolling Wheel Compactor 9.5 mm
Superpave Gyratory Compactor 12.5 mm
Static Compression Machine 19.0 mm
French Plate Compactor Nominal Maximum 25.0 mm
Linear Kneading Compactor Aggregate Size 37.5mm
Slabs/Cores Cut From Existing AC-5
Pavement AC-10
Compaction Method for Vibratory Tamper AC-20
Samples Vibratory Compactor (Pavetec) AC-30
35°C PG 58-34
40°C PG 58-22
40.6°C PG 64-22
46.1°C PG 76-22
50°C Asphalt Binder PG82-22
55°C 381 mm x 76 mmx 76 mm
58°C 300 mm x 125 mm x 75 mm
60°C ) ) 320 mm x 120 mm x 80 mm
Test Temperature 64°C '(rle;stWSgeiﬂlTlf:;)z eor 500 mm x 180 mm x 100 mm
24 h at test temperature (diameter x thickness) 150 mm x 75 mm

Submerged in 50°C water bath

6 h at test temperature

AASHTO T283 freeze-thaw cycle

Aging of Loose Mixture

2hat 135°C

4hat 135°C

“Linear” Hose or
Pneumatic Tire Pressure

517 kPa

600 kPa

690 kPa

827 kPa

900 kPa

Terminal Number of
Cycles

1,000

2,000

4,000

8,000

10,000

20,000

30,000

Air Void Content

Some Standard Compactive Effort

Wheel Load

222N

334N

445N

543N

660 N

700 N

710N

5,000 N

4+ 1 percent

6 percent

Loading Direction

Cyclic (back and forth)

Uni-Directional (one direction)

7 percent

Rate of Loading

Different LWTs Use Different Rates

7 + 1 percent

8+ 1 percent

Type of Base Plate

Rigid Base Plate (simulate PCC)

Flexible Base Plate (ssmulate HMA)

Loading Apparatus

Rubber Hose

Solid Steel Wheel

Pneumatic Tire

Hose Stiffness No Specifics Provided
Gradation Varying
Asphalt Content Varying

Hard Rubber Tire
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50-percent reliability for Auburn and Minneapolis, respec-
tively. It isinteresting to note that Williams and Prowell (18)
conducted testing on WesTrack mixes with the APA at 60°C
and achieved acorrelation coefficient (R?) value of 89.9 when
comparing APA resultswith field results. The 98-percent reli-
ability high temperature for the performance grade at the
Reno, Nevada, Cannon International Airport (which is not a
great distance from WesTrack) is 64°C (PG 64-22). The dif-
ference between these two temperatures is only 4°C. There-
fore, the experimental plan included atest temperature corre-
sponding to the standard high temperature of the performance
grade for a project location. This approach is practical (and
conservative) and easy to implement if the APA is used by
the highway agencies.

The next variablein Table 1 is sample conditioning. With
the APA, sample conditioning refers to the time a test sam-
ple must be heated at the prescribed test temperature prior to
testing. West (13) conducted the only reported formal study
that has evaluated preheat time. According to hiswork, 6 and
24 h of preheat time did not provide statistically different rut
depths. However, West used 55 and 60°C. If the standard
high temperature of the performance gradeis used asthe test
temperature, the highest possible test temperature in the
United States is 70°C. Because previous research has indi-
cated the significance of test temperature, preheat timewas a
candidate for further investigation.

Aging of loose mixtureinthe laboratory isthe next factor in
Table 1. Only two protocols are currently available for aging
HMA mixtures in the laboratory: the Superpave short- and
long-term procedures (AASHTO PP2). Recommendations
from NCHRP Project 9-9 (which are published in NCHRP
Research Results Digest 237 and CRP-CD-1) for short-term
aging were to age loose mixture for 2 h at compaction tem-
peratureif aggregates within the mixture had water absorption
values less than 2.0 percent. Stuart and 1zzo (16) suggested
2 hat 135°C. For most neat asphalt binders, compaction tem-
perature is not much different than 135°C. Therefore, within
NCHRP Project 9-17, loose mixtures were aged for 2 h at
compaction temperature in order to comply with Superpave
procedures.

The next factor in Table 1 is terminal number of cycles.
Withintheliterature, the standard terminal number of cycleshas
been 8,000. Lai conducted some testing to 10,000 cycles (2);
however, some studies have suggested that alower number of
cycles may be sufficient (5, 8). In order to thoroughly inves-
tigate the APA, it was decided to conduct testing to 10,000
cycles with rut depths obtained at 1,000 cycle increments.

Specimen air void content isthe next factor in Table 1. The
literature indicates that for a given mixture and test temper-
ature, as the air void content increases, so do measured rut
depths. However, the question that may be more pertinent is
what air void content should be used in thelaboratory to obtain
the best correlation with field performance. Some researchers
believe that the air voids should be around 7 percent because

thisair void content generally represents normal construction
aswell as specified values. To best simulate permanent defor-
mationinthefield, laboratory rut depths should include defor-
mation that occurs due to the consolidation by the action of
traffic. Someresearchersbelievethat 4-percent air voids (also
in design) should be used because actual shear failure of a
mixture usually takes place below 4 percent. Therefore, to
resolve this issue, testing in NCHRP Project 9-17 was con-
ducted at both 7 and 4 percent air voids. Based on the work
conducted by West (13), a tolerance of £0.5 percent on air
voids was standardized for this study. Since obtaining
4-percent air voidsisgenerally difficult for beam specimens
compacted with AV C, avalue higher than 4 percent (5 per-
cent) was used.

The next variable presented in Table 1 isloading appara
tus. Thelevels presented for thisfactor correspond to the dif-
ferent LWTsfound in the literature. A linear rubber hose is
astandard piece of the APA equipment. Therefore no further
evaluation was conducted.

Nomina maximum aggregate size (NMAYS) isthe next fac-
tor. Several studies indicated that mixes with larger NMAS
values typically have lower rut depths (3, 9, 12, 17). This
factor will indirectly be evaluated within NCHRP Project
9-17 as 10 different mixes from various|ocations throughout
the United States will be evaluated, as noted in the experi-
mental plan (Chapter 4). The next factor in Table 1, asphalt
binder type, was also indirectly evaluated because the 10
mixtures used a different binder. The next factor, test speci-
men size, was evaluated in terms of the use of slab and cylin-
drical specimens.

Pressure within the linear hose isthe next factor in Table 1.
Thisfactor, along with the next factor, wheel load, has been
very consistent sinceLai’ soriginal work (2, 3, and 4). A hose
pressure of 690 kPa (100 psi) was predominant in the litera-
ture. Similarly, wheel load has also been fairly consistent at
445 N (100 Ib). However, Williams and Prowell (18) used
a hose pressure/wheel load combination of 830 kPa/533 N
(120 psi/120 Ib) and found a strong correlation between labo-
ratory and field rutting. Based upon work by Wu (19), the con-
tact pressure and contact area for a hose pressure/whesel load
combination of 690 kPa/445 N were 689 kPa and 6.45 cm?,
respectively. The contact pressure and contact area for 830
kPa/534 N were 730 kPa and 7.29 cn??. It was desirable to
further investigate the two hose pressure/wheel 1oad combi-
nations (690 kPa/445 N and 830 kPa/534 N).

The next factor in Table 1 isloading direction. Thisfactor
could potentially affect results within the APA; however, the
cost of such afactor could be significant as the APA would
have to be redesigned and modified. Therefore, loading direc-
tion was not included within NCHRP Project 9-17.

Rate of loading is another factor for which no specific
research has been conducted. The research agency included
thisfactor in Table 1 because it was felt that the rate of |oad-



ing may amplify the differences between good and bad per-
forming mixes. This factor should be investigated in future
work with the APA.

The next factor in Table 1 is type of base plate. Thisis
another factor for which noliteraturewasfound. A baseplate
that is flexible and has the same modulus as HMA could be
placed under samples of HMA intended for placement over
an existing HMA pavement. Likewise, arigid plate could be
placed under samples of HMA intended for placement over
an existing Portland cement concrete (PCC) pavement. The
effect of base plate type could affect rut depths and may more
accurately simulate conditions in the field. However, since
no research has been conducted on this complex subject, it
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was not studied in NCHRP Project 9-17 because of budget
and time constraints.

The next factor in Table 1 is hose stiffness. Lai (20) did
evaluate hose stiffness, but no specifics of the actual stiffness
were provided. Another possibility for researching this type
of factor would be to evaluate different hose diameters. A
factor of this nature would also affect the contact areathat a
linear hose has on asample. A hose diameter larger than the
25 mm currently used in the APA may be desirable, espe-
cialy for large stone mixes.

The final two factors are gradation and asphalt content,
which were indirectly evaluated through the use of avariety
of experimental mixes.




CHAPTER 3

SELECTION OF MATERIALS (PHASE 1)

3.1 10 HMA MIXES OF KNOWN
PERFORMANCE

In accordance with the approved work plan, 10 HMA
mixes of known field rutting performance were used in the
Task 4 experiment. The following sections describe the
materials selected.

The approved work plan required the use of 10 HMA
mixes of known rutting performance within a full factorial
experiment designed to determine the combination of test-
ing conditions for the APA that best predicts field rutting.
These 10 mixes were selected from three full-scale pave-
ment research projects and encompass climatic regions, proj-
ect characteristics, and materials from throughout the United
States. WesTrack (Nevada), the Minnesota Road Research
Project (MnRoad), and the FHWA Accelerated L oading Facil-
ity (ALF) at Turner-Fairbank Highway Research Center (Vir-
ginia). The following sections describe the mixes selected
from each of these projects.

3.1.1 Mixes from WesTrack

WesTrack was a federally funded accelerated full-scale
HMA pavement research project to develop performance-
related specifications for HMA and aso to provide early
field verification for the Superpave asphalt mixture design
procedure.

The original WesTrack experiment consisted of 26 differ-
ent HMA test sections located on a 3-km (1.8-mile) oval test
track 60 miles east of Reno, Nevada. Loading was achieved
using four driverlesstractor trailers. Loads on each axlewere
80 kN (20,000 Ib), contributing to atotal of 10.3 ESALS per
truck pass. The trucks were fitted with 295/75R22.5 radial
tiresinflated to 690 kPa (100 psi). Thetest speed was 64 km/h
(40 mph).

For the original 26 sections, a single Superpave perfor-
mance-graded asphalt binder (PG 64-22) was used. A sin-
gle primary source of aggregate was selected for use in the
test sections. Three different 19-mm aggregate gradations
were used. One gradation was located on the fine side of the
restricted zone and designated as “fine.” The second grada-
tion also passed on the fine side of the restricted zone; how-
ever, additional baghouse fines were added to the gradation

during production. This gradation was designated “fine-plus.”
Thethird gradation passed on the coarse side of the restricted
zone and was designated “ coarse.”

Using the Superpave volumetric mix design procedure,
optimum asphalt contents were determined for the coarse and
fine gradations. Optimum asphalt content determined for the
fine gradation was al so used for the fine-plus gradation. Dur-
ing construction, asphalt contents for al three gradation
typeswere varied by + 0.7 percent. Additionally during con-
struction, threelevelsof in-placeair voidswere specified. An
“optimum” in-placeair void content was chosen as 8 percent,
while variations of + 4.0 percent were also planned.

For NCHRP Project 9-17, test sectionswere selected from
WesTrack that were placed at “optimum” construction. This
infersthat sections were selected at optimum asphalt content
and at optimum in-place air void contents. Additionally, a
criterion for selecting test sections for inclusion in NCHRP
Project 9-17 was that all three gradations be included, which
would allow acomparison of rut depths among different gra-
dations when the same aggregate and binder source are used.
Therefore, WesTrack Test Sections 15 (fine gradation), 19
(fine-plus gradation), and 24 (coarse gradation) were selected.
Of these three sections, two (Sections 15 and 24) were also
used in NCHRP Project 9-19, “ Superpave Support and Per-
formance Models Management,” for development and vali-
dation of the simple performance test (see NCHRP Research
Results Digest 237 and CRP-CD-1).

Table 2 providesdesign and in-place gradations and asphalt
contentsfor these three sections. Gradations and asphalt con-
tents for Section 19 are based upon average val ues obtained
from cores. In-place datafor Sections 15 and 24 presented in
the table were provided by NCHRP Project 9-19 and were
obtained from quality control testing and cores. Thein-place
data indicate that Sections 15 and 24 were placed at filler
contents (percent passing 0.075-mm sieve) that were slightly
lower than the design values. Section 24 was placed at a
0.2-percent higher asphalt content.

Each of the selected test sections exhibited different per-
formance in the field with respect to rutting. Sections 15 and
19 had total rut depths of 9.2 and 14.5 mm, respectively, after
5 million ESALS; Section 24 failed with 23.0 mm of total rut
depth at 2.8 million ESALSs. Figure 3 illustrates the down-
ward rut depths versus ESAL s for these three sections.



TABLE 2 Mixtureinformation for test sectionsfrom WesTrack (design and in-place)

DESIGN VALUES
Sieve Size Test Sections (Gradation)
us. mm 15 (Fine) 19 (Fine-Plus) 24 (Coarse)
Zain. 19.0 100 100 100
7 in. 125 91 91 85
_in. 95 79 78 67
No. 4 4.75 49 50 41
No. 8 2.36 38 39 28
No. 16 1.18 34 35 21
No. 30 0.06 28 29 16
No. 50 0.03 17 17 13
No. 100 0.150 8 9 10
No. 200 0.075 55 5.7 75
Asphalt Content, % 5.4 5.4 5.7
IN-PLACE VALUES
us. mm 15 (Fine) 19 (Fine-Plus) 24 (Coarse)
Zain. 19.0 100.0 100.0 100.0
%2in. 125 87.8 86.2 80.8
_in. 95 75.9 75.1 65.8
No. 4 4.75 49.4 514 42.0
No. 8 2.36 38.0 40.3 28.2
No. 16 1.18 33.6 35.8 20.6
No. 30 0.60 274 295 15.6
No. 50 0.30 15.6 179 11.6
No. 100 0.150 7.8 9.3 85
No. 200 0.075 4.7 58 6.1
Asphalt Content, % 5.55 541 591
25
A
E 15
<
Z 10
° —e—Sect 15 ~ Downward
—4— Sect 19 ~ Downward
—e— Sect 24 ~ Downward
0 - - - - -
0 1000000 2000000 3000000 4000000 5000000 6000000
ESALs

Figure3. Accumulated downward rut depths for selected WesTrack sections.
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3.1.2 Mixes from MnRoad

Three mixes were selected from the MnRoad full-scale
pavement study. The MnRoad facility runs parallel to Inter-
state 94 near Otsego, Minnesota. Traffic from Interstate 94 is
periodically diverted onto the facility in order to provide
“live” loads. Test sections were selected from the MnRoad
mainline sections with a 10-year design life.

Test sections within MnRoad are referred to as cells. The
three cells selected for this study were Cell 16, Cell 20, and
Cell 21, these contain identical HMA pavement structures. A
38-mm (1.5-in.) wearing course overlies 160 mm (6.3 in.) of
HMA base material. The only difference between the pave-
ment structuresisthat Cell 21 has580 mm (23in.) of crushed
aggregate base while Cells 16 and 20 have 711 mm (28 in.)
of crushed aggregate base. Cells 16 and 20 have aso been
included within the NCHRP Project 9-19 experiment.

Design and constructed gradations for the three mixes
were similar (see Table 3) and had a12.5-mm NMAS. The

primary differences among the three cells was the type of
asphalt binder and the method of mix design used to deter-
mine optimum asphalt content. Cell 16 used an AC-20;
Cells 20 and 21 used an 120/150 penetration graded asphalt
binder. Cell 16 was designed using an SGC (design number
of gyrations [Neeign] = 100) while Cells 20 and 21 were
designed with a Marshall hammer using 35 and 50 blows,
respectively.

Field rut depths for each cell are presented in Table 4. Data
for Cells 16 and 21 were obtained in April 2000. Cell 20 data
were obtained in April 1999. As seenin Table 4, Cell 20 had
significantly morerutting than did Cells16 and 21, Cell 21 had
amoderate amount of rutting, and Cell 16 had theleast. Devel-
opment of field rut depths versus applied ESALsisillustrated
in Figure4. Thisfigure suggeststhat the Cell 20 mix had begun
tertiary flow since the rut depth begins to increase sharply at
approximately 2,000,000 ESALS; aso, Cell 21 has steadily
increasing rut depth over the life of the pavement. Both Cells
20 and 21 appear to be rutting-prone mixes.

TABLE 3 Mixtureinformation for selected cellsfrom MnRoad (design and in-place)

DESIGN VALUES
Sieve Size Cell Number
u.s. mm 16 20 21
Zin. 19.0 100 100 100
7 in. 12.5 92 92 92
_in. 9.5 82 82 82
No. 4 475 67 67 67
No. 8 2.36 58 58 58
No. 16 1.18 48 48 48
No. 30 0.06 36 36 36
No. 50 0.03 19 19 19
No. 100 0.150 6 6 6
No. 200 0.075 39 3.9 39
Asphalt Content, % 5.6 6.4 6.1
IN-PLACE VALUES
u.s. mm 16 20 21
Zain. 19.0 100.0 100.0 100.0
Zin. 125 934 934 93.4
_in. 95 84.7 84.7 84.7
No. 4 4.75 68.8 68.8 68.8
No. 8 2.36 59.5 59.5 59.5
No. 16 1.18 48.2 48.2 48.2
No. 30 0.60 329 329 329
No. 50 0.30 195 19.5 19.5
No. 100 0.150 6.7 6.7 6.7
No. 200 0.075 4.7 4.7 4.7
Asphalt Content, % 51 6.1 59




TABLE 4 Field rut depth data for MnRoad cells

11

Rut Depth Data Cell No.

16 20" 21
Total Rut Depth, mm 53 18.8 12.1
ESALs 3,051,267 2,423,667 3,051,267

*Cell 20 was rehabilitated in April 1999. Reported rut depth and ESALswerein April 1999, before rehabilitation.

3.1.3 Mixes from Turner-Fairbank Highway
Research Center

Four mixes were selected from the ALF experiment at
Turner-Fairbank Highway Research Center (TFHRC). The
ALF experiment consisted of 12 lanes, with four test sitesin
each lane. The ALF is a structural frame that is 29 m (95 ft)
in length and contains a moving wheel assembly designed to
model one-half of asingle rear truck axle. During ALF test-
ing of mixes selected for NCHRP Project 9-17, asuper single
tire was used on the wheel assembly. Thistire wasinflated to
a pressure of 690 kPa (100 psi) and was loaded to 43 kN
(9667 Ib). Thetiretracked across the experimental test pave-
ments at 18.5 km/h (11.5 mph) with no wheel wander. An
infrared heating system was used to maintain a given test
temperature in the pavement.

The four mixes selected for this study were obtained from
Lanes 5, 10, 7, and 12. All four of these mixtures were also
selected for usein NCHRP Project 9-19. Mixesfrom Lanes 5,
7, and 10 had identical 19.0-mm NMAS gradations; the Lane
12 mix wasa37.5-mm NMAS. Table5 presentsthe design and
in-place mixture information for various NMAS gradations,

including the 19.0-mm and 37.5-mm NMAS gradations, used
for the ALF. In-place values were obtained from researchers
for NCHRP Project 9-19.

Three different asphalt binders were used in the four
selected mixes. Lanes 10 and 12 both used an AC-20, while
Lane 5 had an AC-10 and Lane 7 used a polymer (styrene-
butadiene-styrene[SBS] polymer-modified binder) modified
binder. Testing of these binders by FHWA indicated that the
AC-10 was a PG 58-28, the AC-20 a PG 64-22, and the
polymer-modified binder a PG 82-22. Optimum asphalt con-
tent for Lanes5, 7, and 10 was 4.9 percent, while Lane 12 had
an optimum binder content of 4.1 percent. Mixing and com-
paction temperatures for these three binders were as follows:

SBS polymer-
AC-10 AC-20 modified binder
Mixing: 146°C 154°C 173°C
Compaction: 136°C 143°C 158°C

Rutting performancefor each of the four mixesispresentedin
Table 6. This table shows that the polymer-modified mix
(Lane 7) produced less rutting for a given number of wheel
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Figure 4.

Rut depth versus ESALs for MnRoad.



TABLES5 Mixtureinformation for selected ALF lanes (design and in-place)

DESIGN VALUES
Sieve Size Lanes
us. mm Lanes5, 7, and 10 Lane12
1% in. 375 100 100
lin. 25.0 100 86
Zain. 19.0 99 74
72 in. 125 76 65
_in. 95 62 59
No. 4 475 44 48
No. 8 2.36 32 32
No. 16 1.18 24 24
No. 30 0.60 17 17
No. 50 0.30 11 12
No. 100 0.150 8 8
No. 200 0.075 51 5.7
Asphalt Content, % 4.9 4.0
IN-PLACE VALUES
u.s. mm Lanes5, 7, and 10 Lane12
1% in. 375 100 100
lin. 25.0 100 85.6
Zain. 19.0 98.7 73.9
Zin. 12,5 76.0 65.1
_in. 9.5 62.0 59.0
No. 4 4.75 44.0 47.6
No. 8 2.36 325 325
No. 16 1.18 235 24.0
No. 30 0.60 17.5 17.4
No. 50 0.30 115 123
No. 100 0.150 8.0 8.0
No. 200 0.075 51 5.7
Asphalt Content, % 48,4949 4.1

"Respectively, Lane 5, Lane 7, and Lane 10.

TABLE 6 Rut performancefor ALF mixes

Rut Depth, mm
Number of ALF Laneb5, Site2 Lane 10, Site2 Lane7, Site2 Lane 12, Sitel
Passes

0 0.0 0.0 0.0 0.0
1,000 14.7 155 6.3 10.6
4,000 27.4 * * *
5,000 * 274 7.1 14.4
10,000 * 36.3 12.0 15.2
25,000 * * 14.3 18.2
75,000 * * 17.0 21.2
200,000 * * 18.1 24.1

*Data not available.



passes. Themix containing AC-10 asphalt binder (Lane5) had
significantly more rutting than the other three mixes. Testing
in the ALF was conducted at 58°C for dl four mixes. Accu-
mulation of rut depths versus the number of wheel passes are
presented in Figure 5. This figure shows that Lanes 5 and 10
exhibited similar rutting characteristics. Lanes 7 and 12 were
more resistant to permanent deformation than were Lanes 5
and 10 and had somewhat similar rutting characteristics.

One of the problems associated with using mixtures from
the ALF wasthat |oadings were characterized by wheel passes
instead of by ESALSs. In conversations with the research team
at TFHRC, littlework had been doneto convert AL F passesto
ESALs. For the analysesincluded in thisreport, it wasimpor-
tant to convert wheel passes to ESALSs because traffic level
must be taken into account. The only literature found in which
a conversion was attempted was published by Aurilio et a.
(21). Within this paper, the authors presented a method for
converting ALF wheel passesto ESALSs. The method entailed
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assuming a 20-year design traffic level; an estimated traffic
volume of 10,000,000 ESALSs; and the number of days the
pavement temperature at a depth of 20 mm was equal to or
higher than 50°C as determined at the weather station nearest
the ALF facility at McLean, Virginia. From this information,
the authors determined a rutting rate (in mm/year) for the
design life and traffic. Results of thisanalysisare presented in
Table 7. Obvioudly, these results are not redlistic for Lanes 5
and 7 because the rut depths were many times higher than the
lift thickness of the mixes.

Loaded wheel testing was conducted by FHWA on mix-
tures from each of the lanes selected for NCHRP Project 9-17.
This testing was conducted with the French LCPC Tester,
the GLWT, and the Hamburg Wheel Tracking Device (22).
Results from these LWTs are presented in Table 8. Results
from all three test methods indicate that L ane 7 had the least
potential for rutting, followed by Lane 12, Lane 10, and
Lane 5, respectively.
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Figure5. Ruttinginthe ALF.

TABLE 7 Conversion of ALF rut depthsto equivalent rut depths after 20 yearsand 10,000,000

ESALs(21)
Mix Rut Depth in ALF, mm Rutting Rate, mm/year Rut Depth after 10,000,000
(No. of ALF Passes) ESALs, mm
Lane5 27.4 (4,000) 68.5 1,370
Lane7 18.1 (200,000) 0.9 18
Lane 10 36.3 (10,000) 26 520
Lane 12 24.1 (200,000) 12 24
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TABLE 8 Rutting performance of TFHRC ALF mixes (22)

Mixture
French LCPC at 60°C
Cycles
300
1,000
3,000
10,000
30,000 (spec)
GeorgiaLWT at 40°C
8,000 Cycles
Hamburg WTD at 50°C
Cycles
10,000
20,000

AC-10 AC-20 Styrelf 88 AC-20
Lane5 Lane 10 Lane7 Lane12
Rut Depth, %

3.0 2.6 1.8 2.4
4.0 3.2 2.2 31
5.3 4.1 3.0 4.0
9.2 49 3.2 6.2
13.8 6.4 3.7 10.9
Rut Depth, mm
54 3.7 1.9 35
Rut Depth, mm
22.8 6.8 2.6 49
>30 8.5 2.8 8.6

3.2 MATERIALS CHARACTERIZATION

For each of the mixturesfrom the threefield projects, afull
materials characterization was performed. Tests conducted
in this characterization are outlined in Figure 6.

3.2.1 Mixes from WesTrack

Materials obtained from WesTrack included five aggre-
gate stockpiles and one asphalt binder. Hydrated lime was
also used in each mix at 1.5 percent by total aggregate mass.
Four of the aggregate stockpiles were from the Dayton gravel
source and one was a Wadsworth sand. Tables9 and 10 pre-
sent properties of the coarse and fine aggregates, respectively.
The asphalt binder was a PG 64-22. Results of Superpave
binder testing on this source are presented in Table 11. Based
upon work conducted in NCHRP Project 9-19, mixing and
compaction temperatures for the binder were 152 and 141°C
(305 and 282°F), respectively.

3.2.2 Mixes from MnRoad

Material s obtained from MnRoad included three aggregate
stockpilesand two asphalt binders. All three aggregate stock-
piles were obtained from the Crow River source. Tables 12
and 13 present properties of coarse and fine aggregates,
respectively. The two asphalt binders included a viscosity-
graded AC-20 and a 120/150 penetration-graded binder.
Tables 14 and 15 present results of the performance grading
on these two asphalts. The AC-20 would have a performance
grade of PG 64-22; the 120/150 penetration-graded binder
would have a performance grade of PG 58-28.

3.2.3 Mixes from FHWA ALF

The No. 68 traprock stockpile used inthe original construc-
tion of the AL F sections had been depleted at TFHRC prior to
the initiation of NCHRP Project 9-17. Unfortunately, the
quarry from which the origina No. 68 stockpile was obtained
had changed crushers. FHWA located a quarry that was near
the original quarry (approximately 0.5 miles) and that used a
cone crusher similar to that used by the original source. Based
on the following observations, this new source was selected
for the No. 68 stockpile:

1. The volumetric properties of compacted HMA sam-
ples containing the original No. 68 (tested in 1996)
using the SGC were reasonably closeto those of HMA
samples containing the new No. 68 stockpile tested in
October 1999.

2. Theflat and elongated particle counts of the material
retained on the 9.5-mm sieve were similar for both the
original and new No. 68 stockpiles.

3. Diabase aggregateisusually reasonably uniform (unlike
sedimentary rocks, which can vary from ledgeto ledge),
and the original and new No. 68 stockpileswere located
within 0.5 miles of each other. Also, both stockpiles
were crushed by a cone crusher.

4. Thefour ALF sectionsselected for NCHRP Project 9-17
will contain the same aggregate and gradation, so the
only variableisthe asphalt binder type. Therefore, even
if one component of the total aggregate is slightly dif-
ferent, the rut depths and ranking of the four mixeswill
be influenced primarily by the binder type.

5. The NCHRP Project 9-19 researcher also used the new
No. 68 stockpile material.
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Materials Testing
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Figure6. Materials characterization testing.

TABLE 9 Coarseaggregate propertiesfor WesTrack materials

Dayton Gravel Source
Parameter ¥ in. Gravel % in. Gravel _in. Gravel

Bulk Sp. Gr. (T85) 2.539 2.553 2,519
Apparent Sp. Gr. (T85) 2.701 2.679 2.643
Absorption (T85) 24 18 1.9
Flat and Elongated (ASTM D4791)

31 * 16 *

51 * 1.4 *

* Datanot available.

TABLE 10 Fine aggregate propertiesfor WesTrack materials

Parameter Dayton Rock Dust Wadsworth Sand
Bulk Sp. Gr. (T84) 2.438 2.569
Apparent Sp. Gr. (T84) 2.711 2.727
Absorption (T84) 4.1 2.3
Sand Equivalency (T176) 52 70

Tables 16 and 17 present properties of the coarse and fine
aggregates used in the ALF mixes, respectively. All coarse
aggregates were a diabase (traprock). The three asphalt bind-
ers included an AC-10 and AC-20 and a polymer-modified

binder. Tables 18 through 20 present results of the perfor-
mance grading of the binders. The AC-10, AC-20, and SBS
polymer-modified binder have performance grades of PG
58-22, PG 64-22, and PG 82-22, respectively.
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TABLE 11 Superpavebinder propertiesfor WesTrack materials

Aging Test Method Test Temperature Test Parameter Value
Flash Point (T48) Not applicable Not applicable 276°C
Viscosity (D4402) 135°C Not applicable 0.31 Pass
Original DSR (TP5) 64°C G*/sind 1.141 kPa
DSR (TP5) 64°C G*/sind 2.637 kPa
RTFO Mass Loss (T240) Not applicable Not applicable 0.25%
DSR (TP5) 25°C G*sind 4270 kPa
BBR (TP1) —12°C Stiffness 216.8 MPa
RTFO + PAV BBR (TP1) —12°C m-value 0.315

Notes: DSR—dynamic shear rheometer; RTFO—rolling thin film oven; BBR—bending beam rheometer; PAV—pressure

aging vessel.

TABLE 12 Coarse aggregate propertiesfor MnRoad materials

Crow River Source
Parameter Crow River Coarses CA-50
Bulk Sp. Gr. (T85) 2.680 2712
Apparent Sp. Gr. (T85) 2.760 2.738
Absorption (T85), % 12 0.3
Coarse Agg. Angularity 1F (D5821) 61.2 100.0
Uncompacted Voids of C.A. (TP 56-97), % 47.9 48.2
Los Angeles Abrasion (T96), % Loss 27 18
Flat and Elongated (ASTM D4791)
31 3.0 15
51 51 0.7
TABLE 13 Fine aggregate propertiesfor MnRoad materials
Parameter Crow River Fines
Bulk Sp. Gr. (T84) 2577
Apparent Sp. Gr. (T84) 2.688
Absorption (T84) 1.6
Fine Agg. Angularity (T304) 41.8
Sand Equivalency (T176) 60
TABLE 14 Superpave binder propertiesfor MnRoad AC-20 asphalt binder
Aging Test Method Test Temperature Test Parameter Value
Flash Point (T48) Not applicable Not applicable 221°C
Viscosity (D4402) 135°C Not applicable 0.41 Pass
Original DSR (TP5) 64°C G*/sind 1.055 kPa
DSR (TP5) 64°C G*/sind 2.542 kPa
RTFO Mass Loss (T240) Not applicable Not applicable 0.16%
DSR (TP5) 25°C G*sind 3762 kPa
BBR (TP1) —12°C Stiffness 164 MPa
RTFO + PAV BBR (TP1) -12°C m-value 0.333

Notes: DSR—dynamic shear rheometer; RTFO—rolling thin film oven; BBR—bending beam rheometer; PAV—pressure

aging vessel.




TABLE 15 Superpave binder propertiesfor MnRoad 120/150 asphalt binder

Aging Test Method Test Temperature Test Parameter Value
Flash Point (T48) Not applicable Not applicable 290°C
Viscosity (D4402) 135°C Not applicable 0.29 Pas
Original DSR (TP5) 58°C G*/sind 2.29 kPa
DSR (TP5) 58°C G*/sind 5.609 kPa
RTFO Mass Loss (T240) Not applicable Not applicable 0.55%
DSR (TP5) 19°C G*sind TBD
BBR (TP1) -18°C stiffness 133 MPa
RTFO + PAV BBR (TP1) -18°C mrvaue 0.326

Notes: DSR—dynamic shear rheometer; RTFO—rolling thin film oven; BBR—bending beam rheometer; PAV—pressure
aging vessel; TBD—to be determined.

TABLE 16 Coarse aggregate propertiesfor TFHRC ALF materials

Parameter No. 357 No. 68 No. 8
Bulk Sp. Gr. (T85) 2.962 2.926 2.956
Apparent Sp. Gr. (T85) 3.012 3.011 3.035
Absorption (T85), % 0.6 1.0 0.9
Uncompacted Voids of C.A. (TP 56-97), % 50.8 494 Not tested
Los Angeles Abrasion (T96), % Loss 19 15 12
Flat and Elongated 3:1, % 20 15 Not tested
Flat and Elongated 5:1, % 7 1 Not tested

TABLE 17 Fine aggregate propertiesfor TFHRC ALF materials

Parameter Natural Sand Traprock No. 10
Bulk Sp. Gr. (T84) 2578 2.832
Apparent Sp. Gr. (T84) 2.654 2.997
Absorption (T84) 1.10 19
45.9 47.7

Fine Aggregate Angularity (T304)
Sand Equivalency (T176) 7 67

TABLE 18 Superpavebinder propertiesfor TFHRC ALF AC-10 asphalt binder

Aging Test Method Test Temperature Test Parameter Value
Flash Point (T48) Not applicable Not applicable 280
Viscosity (D4402) 135°C Not applicable 312¢cP
Origina DSR (TP5) 58°C G*/sind 1.500 kPa
DSR (TP5) 58°C G*/sind 4.109 kPa
RTFO Mass Loss (T240) Not applicable Not applicable 0.35%
DSR (TP5) 22°C G*sind 2280 kPa
BBR (TP1) -12°C Stiffness 82 MPa
RTFO + PAV BBR (TP1) -12°C m-value 0.338

Notes: DSR—dynamic shear rheometer; RTFO—rolling thin film oven; BBR—bending beam rheometer; PAV—pressure
aging vessel.

17
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TABLE 19 Superpave binder propertiesfor TFHRC ALF AC-20 asphalt binder

Aging Test Method Test Temperature Test Parameter Value
Flash Point (T48) Not applicable Not applicable 309

Viscosity (D4402) 135°C Not applicable 425 cP
Original DSR (TP5) 64°C G*/sind 1.517 kPa
DSR (TP5) 64°C G*/sind 4.332 kPa

RTFO Mass Loss (T240) Not applicable Not applicable 0.38%
DSR (TP5) 25°C G*sind 2574 kPa
BBR (TP1) -12°C Stiffness 126 MPa

RTFO + PAV BBR (TP1) -12°C m-value 0.330

Notes: DSR—dynamic shear rheometer; RTFO—roalling thin film oven; BBR—bending beam rheometer; PAV—pressure

aging vessel.

TABLE 20 Superpavebinder propertiesfor TFHRC ALF polymer-modified asphalt binder

Aging Test Method Test Temperature Test Parameter Value
Flash Point (T48) Not applicable Not applicable Not applicable
Viscosity (D4402) 135°C Not applicable 2108 cP
Origina DSR (TP5) 82°C G*/sind 1.362 kPa
DSR (TP5) 82°C G*/sind 3.107 kPa
RTFO Mass Loss (T240) Not applicable Not applicable Not applicable
DSR (TP5) 34°C G*sind 1130 kPa
BBR (TP1) -12°C Stiffness 100 MPa
RTFO + PAV BBR (TP1) -12°C m-value 0.302

Notes: DSR—dynamic shear rheometer; RTFO—rolling thin film oven; BBR—bending beam rheometer; PAV—pressure

aging vessel.




CHAPTER 4
EXPERIMENTAL PLAN (PHASE I)

4.1 INTRODUCTION

Based upon the review of literature and guidance from the
project panel, acontrolled |aboratory experiment was designed
using the materials described in Chapter 3. The primary objec-
tives of the experiment were to evaluate variables that could
potentially influence the ability of the APA to predict the rut-
ting potential of HMA mixturesin the field and to select the
combination of variables that best predicts rutting potential.

The overall research approach is shown in Figure 7. After
completion of the main experiment, the data were analyzed
and conclusions drawn about the ability of the APA to

predict field rut depths. The following sections describe
the full-factorial main experiment.

4.2 EXPERIMENTAL PLAN USING FIELD MIXES
OF KNOWN PERFORMANCE

Four factors were included along with the 10 mixes
described in Chapter 3 within the plan of the experiment.
These factors and their levels are as follows:

» Specimen Type: Beams compacted withan AV C; cylin-
ders compacted with an SGC.

* Hose Diameter: The standard hose diameter of 25 mm
(outside diameter); hose with a diameter of 38 mm (out-
side diameter).

» Test Temperature: High temperature of standard per-
formance grade based on climate; 6°C higher than high
temperature of standard performance grade.

» Air Void Content: 4.0 £ 0.5 percent; 7.0 + 0.5 percent.

Table 21 givesthetest matrix for the experimental plan for
Task 4. A wheel load and hose pressure of 534 N (120 1b) and
827 kPa (120 psi), respectively, were used for the entire
study. Test temperatures used for each of the 10 mixes are
presented in Table 22.

The project panel permitted air void contentsdlightly higher
than 4 percent for beam samples due to the difficulty in com-
pacting beam samples to 4-percent air voids in the AVC.
Based upon work with the 10 mixes selected for NCHRP
Project 9-17, a target air void content of 5.0 = 0.5 was
selected for beam samples.
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This experiment involved 160 factor-level combinations
(2 sample types x 2 hose diameters x 2 test temperatures x
2 air void contents x 10 mixes). Three replicates of each
factor-level combination were tested. A single replicate was
considered the average rut depth for two cylinders or one
beam. Testing was conducted on mixes fabricated from
original materials, proportioned to meet in-place properties,
mixed in the laboratory, and subjected to short-term aging
per AASHTO TP 2-96.

4.2.1 Statistical Analysis

A statistical approach to evaluating the effectiveness of the
APA for predicting rut depths in the field is very difficult.
Numerous combinations of laboratory testing conditions
were utilized to comparefield and laboratory rut depths. Pre-
vious research studies that have evaluated the ability of lab-
oratory LWTs to predict field rutting have shown that the
exact magnitude of rutting in the field may not be accurately
predicted by laboratory testing. However, some studies have
shown that strong correlations exist between laboratory and
field rut depths.

A statistical approach that can provide a definitive answer
as to which combination of laboratory testing conditions
(factor-level combinations) provides the best correlation is
not available. The type of datagenerated from a study of this
nature essentially compares one field data point to one labo-
ratory data point, both of which are independent. So for a
given field project, a single mean laboratory rut depth can
only be compared with a single mean field rut depth.

Therefore, the primary analysis tool selected for compar-
ing laboratory and field rut depths was a simple correlation/
regression analysis. For each factor-level combination inves-
tigated inthe APA, ascatter plot was devel oped that described
theresultsof laboratory and field rut depths. Each plot reflected
actual field rutting versus laboratory rut depth for a given
factor-level combination for agiven pavement. A correlation/
regression analysis was then conducted on the data in order
to determine the best fit line and the coefficient of correla-
tion (R?).

Selection of the optimum factor-level combination for
testing conditions in the APA was based upon the highest R?
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A 4

Factors Conduct full factorial experiment to 10 mixes of
- Sample type >  compare APA resultswith actual |« known field
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A

Develop apreliminary test method for APA
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A 4

Submit Interim Report (Phase I1)

Figure7. Overall research approach (all materials used are discussed

in Chapter 3).

value obtained from the regression analyses. If one combi-
nation consistently shows ahigher R? value than did all other
combinations, it would be selected and included in the tenta-
tive standard procedure. However, the potential existed that
several factor-level combinationswould have approximately
the same R? value. Therefore, severa additional statistical
analyses were conducted in order to break any ties for the
optimum factor-level combination.

First, aDuncan’s Multiple Range Test (DMRT) was con-
ducted for the data from each project (i.e., WesTrack,
MnRoad, and FHWA ALF). This methodology was selected
because the climatic and traffic conditions for pavements
within a given project should be identical (hence, the rea
soning behind the selection of multiple pavements from each
project). The only differences between the test sections from
a given project should be mix type and degree of rutting.
Therefore, aDMRT ranking of laboratory data should match
the field data. If this does not occur for a given factor-level
combination, it could be disregarded. For instance, assume
the three field pavements from MnRoad have a high, low,
and medium degree of rutting. A DMRT ranking of the lab-
oratory data should replicate the field ranking.

Second, individual correlation/regression analyses were
conducted for data from each project (i.e.,, WesTrack,
MnRoad, and FHWA ALF). This methodology was selected
because the climatic and traffic conditions should be identical
within agiven project. Therefore, theseindividual correlation/
regression analyses for each project may identify traffic or
climatic characteristics that influence the ability of an APA
to predict pavement performance in terms of rutting.

Third, once a number of factor-level combinations were
discounted due to improperly ranking field mixes or
because of low R? values, the variability of the remaining
test procedures was evaluated. The first procedure for this
analysiswasto determinethe coefficient of variation within
selected test combinations. Three replicates represent asin-
gle test within the APA. The mean and standard deviation
were calculated for each APA test using these replicates.
The coefficient of variation (COV) is a measure of vari-
ability and is defined as the standard deviation divided by
the mean and expressed as a percentage. As the COV
increases, more variability is expected in atest procedure.
A typical acceptable value for COV is 10 percent for tests
of HMA. The second method of evaluating variability was
to conduct replicate tests on selected combinations. Repli-
cate tests provided an evaluation of the repeatability of a
test procedure.

4.2.2 Evaluation of Boundary Conditions on
APA Test Specimens

This limited evaluation had the goal of investigating the
loading conditions in the APA to demonstrate the degree of
interaction present in the sample from the edge conditions of
the sample holding system of plastic or steel restraints. This
analysis was conducted as part of the project.

The APA beam was modeled as a solid contained within a
stationary boundary which allowed no displacement of the
samplein the horizontal direction. A modulus of 100,000 psi
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Air Void Test Hose Specimen Field Mixes
Contents Temperature Diameter Type 1 5 3 2 5 6 7 8 9 10
Beam X X X X X X X X X X
25mm Cylinder X X X X X X X X X X
Beam X X X X X X X X X X
PG High Temp. | 38 mm Cylinder X X X X X X X X X X
Beam X X X X X X X X X X
25 mm Cylinder X X X X X X X X X X
7405 PG High Temp. Beam X X X X X X X X X X
percent plus6°C 38 mm Cylinder X X X X X X X X X X
Beam X X X X X X X X X X
25 mm Cylinder X X X X X X X X X X
Beam X X X X X X X X X X
PG High Temp. [ 38 mm Cylinder X X X X X X X X X X
Beam X X X X X X X X X X
25mm Cylinder X X X X X X X X X X
4+05 PG High Temp. Beam X X X X X X X X X X
percent plus 6°C 38 mm Cylinder X X X X X X X X X X

Note: X—factor-level combinations to be tested.

(689.5 MPa) was selected to model a high temperature of
50°C and to maintain a slightly elevated stiffness level to
accentuate edge effects on the spread of load from under the
loaded hose. A softer samplewould dissipate theload stresses
more quickly. The load was applied over a strip 25 mm long
and 19.16 mm wide, giving a contact area of 7.29 cm?. This
produces a contact stress of 730 kPa under the hose.

The computer program ABAQUS was used to model the
stress distribution in the typical APA beam. Theresultsindi-
cate that there was very little interaction with the stress and
edge of the beams in the vicinity of the wheel load for the
given input and boundary conditions. The beam wasin auni-

TABLE 22 Test temperaturesfor 10 field mixes

Project Mix Test Temp, °C

Section 15 64 and 70

Section 19 64 and 70

WesTrack Section 24 64 and 70
Cell 16 58 and 64

Cell 20 58 and 64

MnRoad Cell 21 58 and 64
Lane5 58 and 64

Lane 10 58 and 64

Lane7 58 and 64

TFHRC-ALF Lane 12 58 and 64

form state of stress ahead and behind the wheel, and this
same stress level exists for approximately 1 in. adjacent to
the edge of the sample. Thus, the moving stress pulseis uni-
formly surrounded by a state of stress that does not interact
with the sidewalls at all. The depth of the beam could have
an impact because the stress bulb from the hose interacts with
the bottom of the beam, and varying support along the bot-
tom of the beam could produce a different stress pattern,
although the stresslevel hereisonly approximately Y10 of the
applied contact stress. Thisstresslevel would beinsignificant
in producing variability in the observed rutting on the sam-
ple surface.

It is highly unlikely that edge effects play a part in any
variability seen in APA results. If higher loads and contact
stresses were used, the bottom effects might play arole in
altering the development of rutting and in compounding any
direct comparison of increased loads and their impact on rut
development in the APA unless special precautions are taken
to ensure consistent bonding of the samples and the bottom
of themold. Theedge of the sampleswill most likely not influ-
ence results even when higher contact stresses are used.

This distribution of the stresses indicates that gyratory
samples will experience end effects until the load has trav-
eled 25 mm onto the sample; thus, rut depth measurements
should be taken only over the center 75 mm of the gyratory
sample. It would not be expected that significant differences
in rut measurements would be attributabl e to the edge effects
for the two different sample types, and any differences are
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more likely to be the result of the different compaction meth-
ods producing different aggregate structuresin the mixture.

4.3 ADDITIONAL TESTING OF 10 FIELD MIXES

Of the 10 field mixes, 7 were tested using the Hamburg
Wheel Tracking Device (HWTD) owned by APAC Materi-

als Services in Smyrna, Georgia. Sufficient materials were
not available to test the three WesTrack mixes. The HWTD
was selected for this comparison testing because of its con-
venience and location.

Field mixes were also tested with the simple performance
test identified by NCHRP Project 9-19. NCHRP provided the
researcherswith thetest results, and a comparison among the
three simple performance tests and the APA was conducted.




CHAPTER 5
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TEST RESULTS AND ANALYSIS (PHASE II)

5.1 INTRODUCTION

This chapter presents the test results and analysis of the
full factorial laboratory experiment conducted in Phase I1.
This chapter is composed of three main sections. The first
section discussestest results and analysesfor each of thefull-
scale pavement studies individually. The second section dis-
cusses test results and analyses conducted using all three
pavement studies collectively. Thefinal section discussesthe
set of APA testing conditions selected for validation in Phase
[11, justification for the conditions, and tentative acceptance
criteria based upon the selected test procedure(s).

Sixteen different [aboratory testing combinations will be
discussed. Each combination includes an air void content,
test temperature, hose diameter, and sample type. For sim-
plicity’s sake, a nomenclature for each testing combination
was developed (Figure 8). As shown in the figure, the first
character represents the air void content of the sample. Air
void contents were 7, 5, and 4 percent, depending upon the
level and sample type. The second and third characters rep-
resent test temperature (either PG or PG+6°C). Hose diame-
ter is depicted by the fourth character: an “L” for the large
diameter hoseor an*“ S’ for the standard hose. Thefinal char-
acter represents the sample type: a “B” represents a beam
sample, and a“C” represents a cylindrical sample.

5.2 TEST RESULTS AND ANALYSIS FOR
INDIVIDUAL PAVEMENT STUDIES

This section discusses test results and analysis for each of
the three full-scale pavement studies individually.

5.2.1 Mixes from WesTrack

As stated previously, three mixes were evaluated in this
study for the WesTrack field experiment. Test Sections 15
(fine gradation), 19 (fine-plus gradation), and 24 (coarse gra-
dation) were selected. All three of these sectionswere placed
at “optimum” asphalt content and in-place air voids. Results
of APA testing on the WesTrack sections are presented in
Table 23. Rut depthsin this table represent manual measure-
ments after 10,000 cyclesin the APA.

Based upon actual field rutting (illustrated in Figure 3),
Section 15 had the lowest amount of rutting in the field, fol-
lowed by Section 19 and Section 24, respectively. Figure 3
suggeststhat the difference in the level of rutting was signif-
icant among the three sections.

DMRTswere conducted for each factor-level combination
(16 APA testing conditions) in order to rank the laboratory
results for the three section mixes (level of significance[a] =
0.05). All three replicates within a test were used for this
analysis. Table 24 presentsthe results of the DMRT rankings
for the laboratory mixes. Within this table, the field mixes
were also assigned rankings. Since replicate field rut depths
for each section were not available, a statistical ranking was
not performed. The field rankings shown in Table 24 are
based upon Figure 3. Because Section 24 failed and was
rehabilitated after 2.8 million ESALS, rut depths at this traf-
fic level were determined for the three sections from the data
in Figure 3. Based upon the rut depths at 2.8 million ESALSs,
Section 24 obviously had a significantly higher amount of
rutting than Sections 15 and 19. Field rutting in Sections 15
and 19 may not be statistically different, but are most likely
different.

As shown in Table 24, only one laboratory testing combi-
nation had similar statistical rankings as the field rut depths:
5PGSB. Obviously from Table 24, the 7-percent combina-
tions did not properly rank the mixes because Section 24 did
not have the highest laboratory rut depths. All but two com-
binations (4P+LC and 5P+LB) of the lower air void content
samples correctly showed that Section 24 had the highest lab-
oratory rut depths. Three other laboratory testing combina-
tions showed a similar trend as the field performance:
4PGSC, 5PGLB, and 5P+SB. A similar trend infersthat Sec-
tion 24 showed the highest laboratory rut depth and that Sec-
tion 15 had the lowest.

In order to determine the combination of laboratory test-
ing conditions that best predicted field rutting, a regression
of field rutting versuslaboratory rut depth was devel oped for
each combination. Field rut depths at 2.8 million ESALS
were again used in this analysis. In order to accurately
compare the different laboratory combinations with the
WesTrack field rutting, asimilar traffic level was needed.

Table 25 presents R? values for each laboratory testing
combination versusfield rut depth. Within thistable, some R?
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5P+SB 7TPGLC

-|:|1—— Beam Ell_— Cylinder

Standard hose Large hose

PG+6°C test temperature PG test temperature
5 percent air voids 7 percent air voids

Example 1 Example 2

Figure8. Nomenclature to describe different
laboratory testing conditions.

values show anegative value. Theselaboratory combinations
had arelationship with field rutting that was opposite of what
would be considered acceptable. In other words, laboratory
rut depths decreased asfield rutting increased. Interestingly,
all but one of the 7-percent air void samples had negative
dlopes.

Theinformation in Table 25 was used to determine the six
testing combinations with the highest R? value. These com-
binations are shownin Table 26. All six combinations shown
in this table had the low level for the air void content factor
(4 percent for cylindersand 5 percent for beams). Four of the
six combinations used the standard performance-grade high
temperature, and four also used the standard hose. Half of the
top six combinations used a beam sample, and half used a
cylinder.

The results shown in Table 26 are interesting in that the
laboratory combination that correctly ranked field perfor-
mance did not have the highest R? value. Also, the 5SPGLB
combination had an R? value of 1.000 even though this com-

bination did not statistically rank the field mixes correctly.
Two of the six combinations did not rank the mixes correctly
or show the same trend as field rutting: 4P+SC and 4PGLC.
Laboratory rut depths for the three mixes when using either
of these combinations varied less than 2 mm.

In Tables 24 and 26, it appears that four laboratory testing
combinations can be considered from the WesTrack data:
5PGLB, 5P+SB, 4PGSC, and 5PGSB. The relationship
between field and laboratory rut depths for these four com-
binations are illustrated in Figure 9. All four of the relation-
ships shown in this figure are acceptable because all have R?
values above 0.83 and the slope of thelinesiswhat would be
expected. However, the 5PGLB and 4PGSC combinations
have similar steep slopes. Slopes that are too steep are detri-
mental to the overall objective of thisstudy becauselittle dif-
ference in laboratory rut depths would be expected between
good and poor performing mixes.

One of the purposes of selecting Sections 15, 19, and 24
from the WesTrack experiment wasthat the selection allowed
for acomparison of different Superpave gradation types. All
three sections used the same asphalt binder (although the
asphalt content varied). Figure 10illustratesthe effect of gra-
dation type on laboratory rutting for the 5PGSB and 5P+SB
combinations. Thisfigure showsthat the fine gradation (Sec-
tion 15) had the lowest laboratory rut depth. The coarse gra-
dation (Section 24) had the highest laboratory rut depths.
Thistrend in laboratory resultsissimilar to that shown in the
field; therefore, these two test combinations differentiated
between gradations.

TABLE 23 Averagerut depthsfor WesTrack sections (manual reading)

Air Voids | Test Temp, °C | HoseDiameter | Specimen Type Rut Depth @ 10,000 cycles, mm

Section Section  Section 24
15 19

Cylinder 10.13 6.12 8.17

Standard Beam 8.52 9.14 8.70

Cylinder 8.30 4,19 4.05

64 (PG) Larger Beam 6.46 7.99 6.39

Cylinder 12.78 8.61 10.56

Standard Beam 12.65 11.14 11.69

Cylinder 12.01 7.22 457

7% 70 (PG+6) Larger Beam 9.33 6.21 8.40

Cylinder 6.64 7.76 8.27

Standard Beam 6.08 10.84 13.33

Cylinder 6.36 5.35 7.54

64 (PG) Larger Beam 5.10 5.76 7.08

Cylinder 8.81 8.80 9.29

Standard Beam 11.57 13.07 14.88

Cylinder 7.83 6.10 5.47

4% 70 (PG+6) Larger Beam 5.64 6.87 5.24

“Beam samples compacted to 5.0 + 0.5% air voids.




TABLE 24 Comparison of field and laboratory rut depth rankingsfor WesTrack

Air Voids | Test Temp., Hose Diameter Specimen Field Rank” Lab Rank”
°C Type (Section No.) (Section No.)

Cylinder 24,19, 15 15, 24, 19

Standard Beam 24,19, 15 19, 24, 15

Cylinder 24,19, 15 15, 19, 24

64 (PG) Larger Beam 24,19, 15 19, 15, 24

Cylinder 24,19, 15 15, 24, 19

Standard Beam 24,19, 15 15, 24, 19

Cylinder 24,19, 15 15, 19, 24

7% 70 (PG+6) Larger Beam 24,19, 15 15, 24,19
Cylinder 24,19, 15 24,19, 152

Standard Beam 24,19, 15 24,19, 15"

Cylinder 24,19, 15 24,15, 19

64 (PG) Larger Beam 24,19, 15 24,19, 15

Cylinder 24,19, 15 24,15, 19

Standard Beam 24, 19,15 24,19, 152

Cylinder 24,19, 15 15, 19, 24

4%° 70 (PG+6) Larger Beam 24,19, 15 19, 15, 24

" Sectionsin order of decreasing field rut depth. Italics and bold indicate statistically similar rankings. Lab rankings based
upon Duncan’s Multiple Range Test.

@ aboratory results show the same trend as field rutting.
b Laboratory rankings similar to field rankings.
¢ Beam samples compacted to 5.0 + 0.5%.

TABLE 25 R?valuesfor WesTrack factor-level combinations

Air Voids Test Temp, °C Hose Diameter Specimen Type R?"
Cylinder -0.081
Standard Beam 0.020
Cylinder —-0.650
60 (PG) Larger Beam -0.010
Cylinder -0.119
Standard Beam -0.239
Cylinder -0.967
7% 70 (PG + 6) Larger Beam -0.037
Cylinder 0.856?
Standard Beam 0.835°
Cylinder 0.386
64 (PG) Larger Beam 1.000?
Cylinder 0.855
Standard Beam 0.982°
Cylinder -0.866
4%° 70 (PG + 6) Larger Beam -0.164

A negative sign indicates that the relationship between field and laboratory rutting was opposite of what would be
considered acceptable.
@|_aboratory results show the sametrend as field rutting.
®|_aboratory rankings similar to field rankings.

¢ Beam samples compacted to 5.0+0.5% air voids.
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TABLE 26 Six highest R? values for WesTrack

Air Voids Test Temp Hose Diameter Specimen Type R?
5% PG Large Beam 1.0002
5% PG+6 Standard Beam 0.9822
4% PG Standard Cylinder 0.856 %
4% PG+6 Standard Cylinder 0.855
5% PG Standard Beam 0.835°
4% PG Large Cylinder 0.386
& Laboratory results show the same trend as field rutting.
b Laboratory results ranked statistically similar to field rutting.
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5.2.2 Mixes from MnRoad

Three mixes were included from the MnRoad field exper-
iment: Cell 16, Cell 20, and Cell 21. All three cells had iden-
tical gradations, but differed by asphalt binder type, asphalt
content, or both. Results of APA testing for these cells are
presented in Table 27. Rut depthsin thistable represent man-
ual rut depth measurements after 10,000 cyclesin the APA.

Based upon actual field rutting (Figure 4), Cell 16 had the
lowest amount of rutting, followed by Cell 21 and Cell 20,
respectively. Replicate field rut depth measurementsfor each
cell were available (10 per cell). The replicate datawere used
torank (by DMRT) thefield performance for each cell after 2
million ESALs (the point at which Cell 20 began tertiary flow
and was rehabilitated). Results of this analysis showed that
each of the cells had significantly different field rut depths.

DMRT rankings of laboratory rut depths were also con-
ducted for each of the testing combinations. Results of the
rankings are presented in Table 28 along with the field perfor-
mance rankings. Only one laboratory combination (5PGLB)
correctly ranked the mixes asto field performance. Six labo-
ratory combinations did show a similar trend as field rutting
in that Cell 20 had the highest magnitude of rutting and Cell
16 had thelowest: 7PGLC, 7PGLB, 4PGSC, 4PGL C, 4P+SC,
and 5P+LB. Of the seven laboratory testing combinations
that ranked properly or showed the same trend as field rut-
ting, five had the low level of air void content (4 percent for
cylinders and 5 percent for beams). Five also used the high
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temperature of the performance grade (58°C). Four combi-
nations had cylindrical samples.

The data within Table 27 along with the field rutting in
each cell were used to develop relationships between field
and laboratory rut depths. Table 29 presentsthe R? valuesfor
each factor-level combination when field rutting versus lab-
oratory rut depths are compared. Again, field rut depths are
measurements at 2 million ESALSs. Collectively, the R? val-
ues shown in Table 29 are better than those presented for the
WesTrack data (Table 25). Only one combination showed a
negative slope (5P+SB); however, this combination was one
of the two more viable combinations for the WesTrack data

The seven laboratory testing combinations that had statisti-
cally similar rankings or showed asimilar trend asfield rutting
also had the seven highest R? values. Table 30 presentsthe six
combinations for the MnRoad mixes with the highest R? val-
ues. All six had high R? values of higher than 8.4. Four of these
six combinationsused thelow level of theair void content fac-
tor. Five had atest temperature corresponding to the standard
performance-grade high temperature (58°C). Five of the six
also were tested with the larger-diameter hose. Similar to the
WesTrack data, the top six combinations were evenly distrib-
uted between beam and cylindrical sample types.

Figures 11 and 12 illustrate the relationship between field
rutting (at 2 million ESALS) and laboratory rut depthsfor the
six combinations shown in Table 30. All six combinations
appear to differentiate between the well-performing (Cell 16)
and poorly performing (Cell 20) mixes. The 4PGSC and

TABLE 27 Averagerut depthsfor MnRoad sections (manual reading)

Air Voids | Test Temp, °C | HoseDiameter | Specimen Type Rut Depth @ 10,000 cycles, mm
Cell 16 Cell 20 Cell 21
Cylinder 9.91 17.63 8.08
Standard Beam 11.20 12,792 14.87°
Cylinder 6.72 12.19 1152
58 (PG) Larger Beam 8.55 13.58 13.12
Cylinder 11.18°¢ 21.42 22.37
Standard Beam 19.86 24.54 24.55
Cylinder 7.69 13.47 14.67
7% 64 (PG+6) Larger Beam 12.78 18.33 18.68
Cylinder 5.43 17.03 15.96
Standard Beam 7.77 19.89 20.61
Cylinder 6.72 10.43 8.33
58 (PG) Larger Beam 5.75 11.36 8.74
Cylinder 14.49 19.44 19.33
Standard Beam 29.45 25.54 25.14
Cylinder 8.52 9.58 10.92
4% 64 (PG+6) Larger Beam 8.97 16.09 15.62

2 Test was terminated after 5,454 cycles because the wheel's began riding on the samples.
b Test was terminated after 5,722 cycles because the wheels began riding on the samples.
¢ Test was terminated after 5,410 cycles because the wheels began riding on the samples.
4 Beam samples compacted to 5.0 + 0.5% air voids.
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TABLE 28 Comparison of field and laboratory rut depth rankingsfor MnRoad

Air Voids | Test Temp., Hose Diameter Specimen Field Rank” Lab Rank’
°C Type

Cylinder 20, 21,16 20, 16, 21

Standard Beam 20, 21,16 21, 20, 16

Cylinder 20, 21,16 20,21,162

58 (PG) Larger Beam 20, 21,16 20,21,16°

Cylinder 20, 21,16 21, 20, 16

Standard Beam 20, 21,16 21, 20, 16

Cylinder 20, 21,16 21, 20, 16

7% 64 (PG+6) Larger Beam 20, 21,16 21, 20, 16

Cylinder 20, 21,16 20,21,162

Standard Beam 20, 21,16 21, 20, 16

Cylinder 20, 21,16 20,21,162

58 (PG) Larger Beam 20, 21,16 20,21, 16"

Cylinder 20, 21,16 20,21, 16°

Standard Beam 20, 21,16 16, 20, 21

Cylinder 20, 21,16 21, 20, 16

4% ° 64 (PG+6) Larger Beam 20, 21,16 20,21,162

*Cellsin order of decreasing field rut depth. Italics and bold indicate statistically similar rankings. Lab and field analysis
based upon Duncan’ s Multiple Range Test.

2 Laboratory results show similar trend asfield rutting.
b Laboratory rankings similar to field rankings.

¢ Beam samples compacted to 5.0 + 0.5%.

TABLE 29 R?valuesfor MnRoad factor-level combinations

Air Voids Test Temp, °C Hose Diameter Specimen Type R?’
Cylinder 0.429
Standard Beam 0.287
Cylinder 0.876?
58 (PG) Larger Beam 0.863%
Cylinder 0.769
Standard Beam 0.813
Cylinder 0.711
7% 64 (PG + 6) Larger Beam 0.779
Cylinder 0.8522
Standard Beam 0.788
Cylinder 0.9922
58 (PG) Larger Beam 0.997°
Cylinder 0.827%
Standard Beam -0.739
Cylinder 0.291
4%° 64 (PG + 6) Larger Beam 0.848°

* A negative sign indicates that the relationship between field and laboratory rutting was opposite of what would be
considered acceptable.
& Laboratory results show similar trend asfield rutting.
b Laboratory rankings similar to field rankings.

¢ Beam samples compacted to 5.0 + 0.5% air voids.




TABLE 30 Six highest R? values for MnRoad

Air Voids Test Temp Hose Diameter Specimen Type R?
5% PG Large Beam 0.997°
4% PG Large Cylinder 0.992°
7% PG Large Cylinder 0.876°
7% PG Large Beam 0.863%
4% PG Standard Cylinder 0.852°
5% PG+6 Large Beam 0.848%

@|_aboratory results show similar trend as field rutting.
® |_aboratory rankings similar to field rankings.
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5M+LB combinations do, however, have a flatter dope. The
4PGL C combination has the steepest slope (although not as
steep as the 5SPGLB and 4PGSC test combinations shown in
Figure 9 for the WesTrack data). In the data in Table 30 and
Figures 11 and 12, al six combinations appear to be viable
options for arecommended test procedure.

The cells selected from MnRoad allow for the effect of
asphalt binder type and binder content to be evaluated. As
stated in Chapter 3, Cell 16 used an AC-20 asphalt binder
while Cells 20 and 21 both used a 120/150 penetration graded
binder. Table 3 showed that Cell 16 had an asphalt content of
5.1 percent; Cells 20 and 21 had asphalt contents of 6.1 and
5.9 percent, respectively. Figure 13 illustrates the laboratory
rut depthsfor the three cellsand al so shows the asphalt binder
type and asphalt content. Only the 5PGL B and 4PGL C com-
binations are shown on thisfigure. The first observation that
stands out about Figure 13 is the difference in rut depths
between Cells 20 and 21. Both of these cells used the same
type of asphalt binder and only varied by asphalt content
(0.2 percent). For both testing conditions shown in the fig-
ure, the 0.2-percent difference in asphalt content resulted in
approximately a2-mm differencein rut depth. Cell 16, which
had the lowest asphalt content, had the lowest rut depth of the
three cells, which is expected.

5.2.3 Mixes from ALF

Four mixes were selected from the ALF experiment con-
ducted at TFHRC. Three of these mixes had identical grada-
tions, but varied by asphalt binder type (Lane 5, Lane 7, and

12.0

Lane 10). These three mixes were al 19.0-mm NMAS gra-
dations. Lane 12 was the only mix with a different NMAS
(37.5 mm). Lane 7 was unique from the other three mixes
investigated in this study in that it used a polymer-modified
asphalt binder (PG 82-22).

Loading of the experimental pavements at the ALF was
characterized by the number of passes of the ALF wheel
assembly. As stated in Chapter 3, no conversions from ALF
passes to ESALSs have been performed; therefore, compar-
isons between field and laboratory rutting in this section will
be for equivalent ALF passes. Stuart et al. (22) ranked the
ALF surface mixes (Lanes 5, 7, and 10) with respect to rut-
ting in the field. Based upon their rankings, Lanes 5 and 10
had similar magnitudes of rutting and Lane 7 had signifi-
cantly lessrutting, which issimilar to that shownin Figure5.
However, the authors did not rank Lane 12 (base mix) with
the surface mixes. From Figure 5, it can be surmised that
Lane 12 had significantly less rutting than Lanes 5 and 10,
but may not be statistically different than Lane 7.

Results of APA testing on the ALF mixes are presented in
Table 31. These results represent average, manually deter-
mined rut depths after 10,000 cycles in the APA. DMRT
rankingswere conducted for each testing condition to rank the
laboratory rut depths of each lane. Results are presented in
Table 32. Rankings of field rut depths are based upon Stuart
et a. (22) and visual observation of Figure 5. Interestingly,
none of the laboratory testing combinations correctly ranked
the mixes as to their field rutting. However, six laboratory
combinations did show a similar trend as field rutting:
7PGLC, 7P+SB, 4PGL C, 5PGLB, 4P+SC, and 4P+LC. Sim-
ilar to the WesTrack and MnRoad data, the majority of these
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Figure 13. Comparison of MnRoad asphalt binders and asphalt contents.



TABLE 31 Averagerut depthsfor TFHRC ALF sections (manual reading)

Air Voids | Test Temp, Hose Specimen Rut Depth @ 10,000 cycles, mm

c Diameter Type Lane5 Lane7 Lanel0 Lanel2

Cylinder 5.17 1.40 417 5.61

Standard Beam 9.53 2.36 5.04 7.43

Cylinder 6.11 249 5.68 3.98

58 (PG) Larger Beam 7.55 2.17 462 467

Cylinder 6.54 2.60 5.02 8.95

Standard Beam 10.14 3.81 7.35 6.88

Cylinder 6.59 351 574 6.11

7% 64 (PG+6) | Larger Beam 10.24 251 6.52 6.87

Cylinder 6.47 3.19 4.84 2.38

Standard Beam 9.02 2.26 7.79 8.07

Cylinder 3.71 1.59 3.68 3.15

58 (PG) Larger Beam 6.12 2.07 5.04 4.48

Cylinder 8.94 2.10 8.27 7.98

Standard Beam 7.94 3.26 8.54 9.63

Cylinder 8.60 3.15 472 4.06

4% 64 (PG+6) | Larger Beam 10.08 2.80 5.13 6.66

* Beam samples compacted to 5.0 + 0.5% air voids.

TABLE 32 Comparison of field and laboratory rut depth rankingsfor ALF

Air Voids Test Temp,, Hose Diameter Specimen Field Rank?® Lab Rank®
°C Type

Cylinder 5,10, 12,7 12,5,10,7

Standard Beam 5,10, 12,7 5,12, 10,7

Cylinder 5,10,12,7 5,10,12,7°

58 (PG) Larger Beam 5,10, 12,7 5,12, 10,7

Cylinder 5,10, 12, 7 12,5,10,7

Standard Beam 5,10, 12, 7 5,10, 12, 7"

Cylinder 5,10, 12,7 5,12, 10, 7

7% 64 (PG+6) Larger Beam 5,10, 12,7 5,12, 10,7

Cylinder 5,10, 12,7 5,10,7,12

Standard Beam 5,10, 12,7 5,12, 10,7

Cylinder 5,10,12, 7 5,10,12,7°

58 (PG) Larger Beam 5,10, 12,7 5,10,12, 7"

Cylinder 5,10, 12,7 5,10,12, 7"

Standard Beam 5,10, 12,7 12,10,5,7

Cylinder 5,10,12, 7 5,10,12, 7"

4%° 64 (PG+6) Larger Beam 5,10,12, 7 5,12,10,7

2L anesin order of decreasing field rut depth. Italics and bold indicate statistically similar rankings. Lab rankings based upon
Duncan’s Multiple Range Test.

b Laboratory results show similar trend as field rutting.

¢ Beam samples compacted to 5.0 + 0.5%.
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combinations showing a similar trend as field performance
used the low air void content.

The APA results were used along with the field rut depths
for each lane to devel op rel ationships between field and 1ab-
oratory rutting. Figure 5 illustrated that Lane 5 failed after
4,000 passes with 27.4 mm of rut depth. Therefore, the rut
depths of each lane after 4,000 passes of the ALF were used
in this analysis. Table 33 presents the R? values for each of
the laboratory testing combinations when compared with
field rut depths. Unlike the similar WesTrack and MnRoad
analyses, Table 33 does not show any negative slopes. Col-
lectively, the R? values appear to be higher than the other two
field experiments. All R? values were greater than 0.5 except
one (7P+SC).

Using the datain Table 33, the six highest R? values were
determined (Table 34). Of the six combinations with the
highest R? values, only four had laboratory rut depths that
showed asimilar trend as the field rutting: 7PGLC, 5PGLB,

4PGLC, and 7P+SB. Figure 14 illustrates the relationship
between field and laboratory rutting for these four combina-
tions. All four of the testing combinations had R? values of
0.8885 or above, which is a strong relationship. All four
combinations appear to be viable as a recommended test
procedure.

Thefour selected ALF mixesallowed for the comparison of
asphalt binder type and the effect of NMAS on laboratory rut-
ting. Lanes5, 7, and 10 al had identical gradations and almost
identical asphalt binder contents (4.8, 4.9, and 4.9 percent,
respectively). Figure 15 presents the laboratory rut depths for
these three mixes using the samefour testing conditions shown
in Figure 14. For @l four testing combinations, the mix con-
taining the polymer-modified binder (Lane 7) had significantly
lower rut depths than did the other two mixes. The polymer-
modified asphalt binder wasa PG 82-22. The AC-20 wasa PG
64-22, and the AC-10 was a PG 58-22. Figure 15 illustrates
that stiffer binders can reduce the potentia for rutting.

TABLE 33 R?valuesfor ALF factor-level combinations

Air Voids Test Temp Hose Diameter Specimen Type R?
Cylinder 0.651
Standard Beam 0.630
Cylinder 0.999 %
PG Temp Larger Beam 0.831
Cylinder 0.373
Standard Beam 0.889°
Cylinder 0.774
7% PG + 6°C Temp Larger Beam 0.830
Cylinder 0.517
Standard Beam 0.801
Cylinder 0.910?
PG Temp Larger Beam 09172
Cylinder 0.820%
Standard Beam 0.634
Cylinder 0.703?%
40%° PG + 6°C Temp Larger Beam 0.662
@Laboratory results show similar trend as field rutting.
b 5% used for beams.
TABLE 34 Six highest R? valuesfor ALF
Air Voids Test Temp Hose Diameter Specimen Type R?
7% PG Large Cylinder 0.999°
5% PG Large Beam 0.917"
4% PG Large Cylinder 0.910°
7% PG+6 Standard Beam 0.889'
% PG Large Beam 0.831
7% PG Large Cylinder 0.830

* Laboratory results show similar trend as field rutting.
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Figure 14. Four highest R? values for ALF mixes.

The effect of NMAS on laboratory rut depths (and field)
can be evaluated using Lanes 10 and 12. Both of these lanes
used the AC-20 binder and only differed by the NMAS and
asphalt content. Figure 16 illustrates that the larger NMAS
mix (Lane 12) had a lower laboratory rut depth. This also
occurred in thefield. Therefore, the use of larger NMAS can
reduce rut susceptibility.

Another analysisthat can be conducted using the AL F data
is an evaluation of the effect of test temperature on mixes
having polymer-modified binders. Figure 17 illustrates rut
depths at the performance-grade temperature (58°C) versus
rut depths at the PG+6° test temperature (64°C) for Lanes 5,
7,and 10 (all test combinations). Thesethreelanesare shown
because all three had the same gradation and differed only by
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Figure15. Comparison of neat and polymer-modified binders.
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Figure16. Effect of nominal maximum aggregate size on rutting.

asphalt binder type. Thisfigure shows that rut depths for the
three lanes had a higher magnitude when tested at 64°C than
when tested at the PG temperature (58°C). As shownin Fig-
ure 15, the mix containing the polymer-modified binder had
amuch lower rut depth than did the AC-10 and A C-20 mixes.
According to Figure 17, increasing test temperatures will
result in increased rut depths, even when polymer-modified
asphalt binders are used in amix.
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5.2.4 Summary of Analyses on Individual Field
Projects

Table 35 summarizesthe laboratory testing conditionsthat
were most related to field results for each individual project.
All of these combinations had acceptable R? values (above
0.835) and show similar trends to field rutting. Eight of the
fourteen combinations shown in this table used beam sam-
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Effect of test temperature on polymer-modified and neat asphalts.



TABLE 35 Summary of potential testing combinations
based upon analysis of individual projects

Project Combination R? Proper Trend?
5PGLB 1.000 Yes
5P+SB 0.982 Yes
4PGSC 0.856 Yes

WesTrack 5PGSB 0.835 Yes
5PGLB 0.997 Yes
4PGLC 0.992 Yes
7PGLC 0.876 Yes
7PGLB 0.863 Yes
4PGSC 0.852 Yes

MnRoad 5P+LB 0.848 Yes
7PGLC 0.999 Yes
5PGLB 0.917 Yes
4PGLC 0.910 Yes

ALF 7P+SB 0.889 Yes

ples. Nine used the larger-diameter hose. Both of these fac-
tors appear to be somewhat evenly distributed. However, the
test temperature and air void content factors seem to suggest
one level being a more viable option. Ten of the fourteen
combinations used the lower level of theair void content fac-
tor (4 percent for cylinders and 5 percent for beams). Eleven
used the high temperature of the standard performance grade
as the test temperature. Therefore, based only on the data
generated from comparisons within individual projects, the
low air void content and performance-grade test temperature
appear to better predict the potential for field rutting.
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5.3 ANALYSIS OF COLLECTIVE DATA
(ALL PROJECTS)

This section discussestest results and analyses for the col-
lectivedata. Collectivedatainfersthat the datafrom thethree
field projects were combined and analyzed.

5.3.1 Effect of Test Variables on Measured
Laboratory Rut Depths

This section describes the effect of each test variable (air
voids, test temperature, hose diameter, and sample type) on
laboratory-measured rut depths. Figure 18 compares APA rut
depths at the two levels of air void content. Surprisingly, this
figure indicates that air void content does not appear to have
a significant effect on measured rut depths. Previous work,
through aruggedness study with the APA (13), hasshown air
void contents to significantly affect rut depths. One potential
reason for the lack of significance shown in Figure 18 is that
the rut-prone mixes influenced the results. Rut depths mea-
sured in the APA include two components: consolidation of
themix and plastic flow. When comparing rut depths between
4 and 7 percent, it would be anticipated that the 4-percent
samples would have lower rut depths because the consolida-
tion component would be less. However, some of the mixes
tested during the course of this study were shown to be high-
rut-potential mixes (Lane 5, Lane 10, Cell 20, and Section
24). It is possible that the rut depths for the 4-percent sam-
plesincluded more of the plastic flow component.

Figure 19 illustrates the effect of test temperature on mea-
sured rut depths. As expected, the higher test temperature
resulted in higher APA rut depths (about a 33-percent increase
in rutting).
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y =0.9367x
R? =0.7943

12.0

APA Rut Depths for 4% Air Voids, mm
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A

7% Beam Specimen, terminated
after 5,454 cycles.

4.0 6.0 8.0 10.0 12.0
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APA Rut Depths for 7% Air Voids, mm

Figure18. Effect of sample air void content on APA rut depths.
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Figure19. Effect of test temperature on APA rut depths.

Figure 20 illustratesthe effect of hose diameter on APA rut
depths. This factor had not been evaluated previous to the
work in this study. Thisfigure shows that the larger-diameter
hose resulted in lower APA rut depths. Since the same wheel
load and hose pressure were used for both hose diameters, the
data appear to make sense. The larger-diameter hose distrib-
uted thewheel load over agreater area, which resulted inless
stress within the contact area.

26.0

The final factor evaluated was sample type. Figure 21
shows the effect of sample type on rut depths. At low APA
rut depths (<4 mm), the two sample types appear to provide
similar rut depths. Above 4 mm, the beam samples provided
higher rut depths. There are three potential reasons for this
finding. The first reason is the mold configuration for cylin-
drical samples. These molds accommodate two cylinders and
contain a spacer between the two samples. The spacer lies
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A MnRoad Mixes
2204 ©WesTrack Mixes

24.0
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R? = 0.6872
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Figure 20. Effect of hose diameter on APA rut depths.
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Figure21. Effect of sample type on APA rut depths.

approximately 12.5 mm below the testing surface of speci-
mensand isapproximately 12 mm wide. For low-rut-potential
mixes, the linear hose residing on the top of specimens does
not approach the level of the spacer. Therefore, for low-rut-
potential mixes, cylindrical specimens would not be influ-
enced by the spacer. However, for high-rut-potential mixes,
the spacer may impede the downward movement of the pres-
surized linear hose. This “bridging” action may be why at
higher rut depths, the beam specimens yielded higher rut
depths. Thisis shown somewhat in Figure 21 in that the beam
specimens always had a higher rut depth at rut depths above
about 12.5 mm.

The second potential reason for differences in rut depths
between cylindrical and beam specimensisdensity gradients
within the samples. Because the cylinders and beams were
compacted using different modes of compaction, contrasting
density gradients may exist in the two sampletypes. A study
by Cooley and Kandhal (23) showed that the two sample
types do have different density gradients, and this may also
explain the differences between the two.

The third potential reason could be the slightly higher air
void contentsin thelower level of theair void content factor.
Beam samples were compacted to 5 + 0.5 percent while the
cylinders were compacted to 4 + 0.5 percent.

5.3.2 Comparison of Field and Laboratory
Rutting

Within this section, data from the three field experiments
(WesTrack, MnRoad, and ALF) werecollectively analyzedin
order to evaluate the different testing conditions. Analyses
included devel oping the relationship (R? val ues) between field
rut depths and laboratory rut depths. Because each of the

test pavements (sections, cells, and lanes) had a different
volume of traffic, a method of normalizing the traffic lev-
elson each test pavement was needed. The method selected
was to divide actual field rut depths by the square root of
the number of ESALSs experienced at the time of rut depth
measurements. This method has been used previously by
Brown and Cross (1).

Table 36 presentsthefield rut depthsand ESAL va uesused
during the analyses conducted with the collective data. Therut
depth values shown in this table are dightly different than
those used in the previous analyses on the individua projects
(in Section 5.2). For the collective comparisons, it was decided
that final cumulativerut depths and ESALswere more desir-
able. ESAL values for the ALF project shown in the table
represent one pass of the ALF. As stated in Chapter 3, the
assembly employed by the ALF equated to one-half of an
18-kip axle.

At first, an attempt was made to correlate field rut depths
to APA laboratory rut depths using data from all three proj-
ects. However, a negative trend was observed in al of the
correlationsas shown by atypical plot (Figure 22). Thelikely
reason for the negative trends when al three projects were
“lumped” together was the traffic characterization from the
ALF pavements. One pass of the ALF was not equivalent to
one pass of an 18-kip axle. Therefore, the MnRoad and Wes-
Track datawere combined in order to evaluate the combined
relationships between field and laboratory rutting.

Table 37 presents the R? values for each of the laboratory
testing combinations when MnRoad and WesTrack field rut
depths were compared with laboratory rutting. R? values hav-
ing anegative signindicatesthat the rel ationship betweenfield
and laboratory rut depths was opposite that which would be
expected because the regression line showed decreasing labo-
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TABLE 36 Rut depthsand ESALsused in analysis of collective data

Project Mix Field Rut Depth, mm ESALs SQ%?:%L)
Section 15 9.2 5,003,303 0.00411
Section 19 145 5,003,303 0.00648
WesTrack Section 24 26.0 2,774,052 0.01561
Cell 16 5.0 3,051,267 0.00286
Cell 20 18.8 2,423,667 0.01208
MnRoad Cell 21 121 3,051,267 0.00693
Lane5 274 4,000 0.43323
Lane7 18.1 200,000 0.04047
Lane 10 36.3 10,000 0.36300
ALF’ Lane 12 24.1 200,000 0.05389

*ALF ESAL counts are equal to 1 pass of the ALF.

ratory rut depths as field rutting increased. Of the 16 labora-
tory testing conditions, only 2 showed laboratory rut depths
that followed the same trend as field rutting for both the
MnRoad and WesTrack mixes (4PGSC and 5PGLB). All of
the R? values are 0.501 or below, which indicatesthat therela-
tionships are not strong. Four combinations have R? values
greater than 0.28, asshown in Table 38, and represent the four
most viable options for a tentative test procedure. All four of
these combinations used the low level of the air void content
factor and the standard temperature of the performance grade
asthe test temperature. Thiswas not surprising because most
of the combinations that correctly ranked the individual proj-
ects also used the lower air void contents and performance-
grade test temperature (see Table 35). Two of the combina-
tions used the standard hose, and two used the larger-diameter

hose. The two highest R? values shown in Table 38 used beam
samples, while the other two used cylinders.

Figures 23 through 26 illustrate the relationships of the
four laboratory testing combinations shown in Table 38.
Included in each figure are error bars for each data point that
represent plus or minus one standard deviation for the three
replicates per mixture. The three replicates (two cylinders or
one beam per replicate) within atest were used to calculate
the standard deviations.

Figure 23 illustratesthe relationship between field and | ab-
oratory rutting (with MnRoad and WesTrack data combined)
for the 4PGL C combination. Theregression linefor thisrela-
tionship shows the expected trend: laboratory rut depths
increased as the field rutting rate increased; however, the R?
for the relationship was very low (0.28). An analysis of vari-
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Figure22. Cylindrical specimens, 7% air voids, standard hose.



TABLE 37 R?valuesfor MnRoad and WesTrack data combined

Air Voids Test Temp, °C Hose Diameter Specimen Type R2@
Cylinder 0.029
Standard Beam 0.001
Cylinder -0.010
60 (PG) Larger Beam 0.028
Cylinder 0.036
Standard Beam —0.002
Cylinder —-0.051
7% 70 (PG + 6) Larger Beam 0.002
Cylinder 0.365°
Standard Beam 0.501
Cylinder 0.282
64 (PG) Larger Beam 0.428°
Cylinder 0.005
Standard Beam -0.011
Cylinder -0.079
4%° 70 (PG + 6) Larger Beam 0.009

2 A negative sign indicates that the relationship between field and laboratory rutting was opposite of what would be
considered acceptable.

® Laboratory results show the same trend as field rutting for both projects.

¢ Beam samples compacted to 5.0+0.5% air voids.

TABLE 38 Six highest R? values for MnRoad and WesTrack data combined

Air Voids Test Temp Hose Diameter Specimen Type R?
5% PG Standard Beam 0.501
5% PG Large Beam 0.428"
4% PG Standard Cylinder 0.365
4% PG Large Cylinder 0.282

*Laboratory results show the same trend as field rutting for both projects.
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Figure23. Combined WesTrack and MnRoad data for 4PGLC combination.



40

ance (ANOVA) for the regression (also shown in the figure)
indicated that the relationship was not significant at a 5-per-
cent level of significance (a = 0.05). Also, based upon the
data shown in Figure 23, it appears that the results from the
WesTrack Section 24 may be outliers.

The relationship between field and [aboratory rutting for the
5PGLB combination is illustrated in Figure 24. Again, the
regression line shows the expected trend. The R2 for the rela
tionship isstronger for the 5PGL B combination (0.43) than for

the 4PGL C combination (0.28). However, an ANOVA indi-
cated that the rel ationship was not significant becausethe prob-
ability of the F-statistic being greater than F-critical (P-value)
was greater than 0.05 (0.159). Results shown in Figure 24
again suggest that the results from Section 24 may be outliers.

Figure 25 illustratesthe rel ationship between field and | ab-
oratory rutting for the 4PGSC combination. The R? for this
relationship isnot strong at 0.3647. The insignificance of the
relationship was confirmed by an ANOVA (& so shown inthe
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Figure24. Combined WesTrack and MnRoad data for 5SPGLB combination.
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figure) as the P-value was greater than 0.05. Similar to the
4PGLC and 5PGLB combination results, the results from
Section 24 appear to be greatly influencing the R? value and
may be outliers.

The relationship between field and laboratory rutting for
the 5PGSB combination is illustrated in Figure 26. Of the
four combinations evaluated, the 5PGSB combination had
the highest R? value at 0.50. However, an ANOVA showed
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that the relationship was not significant (a P-value of 0.115).
Again, theresultsfrom Section 24 occur the farthest from the
trend line and may be outliers.

Because the results from WesTrack Section 24 may have
been outlying data for each of the four combinations, the
Section 24 data were removed from the data set and regres-
sion analyses were conducted again. Figure 27 illustratesthe
4PGL C combination with the Section 24 data removed. The
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Figure26. Combined WesTrack and MnRoad data for 5SPGSB combination.
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R? value improved with the removal of the Section 24 data.
With Section 24 data included, the R? value was 0.28, and
without the Section 24 data the R? value was 0.40. However,
an ANOV A showed that theremova of the Section 24 datadid
not result in a significant relationship between field and labo-
ratory rutting (a P-value of 0.252).

Figure 28 illustrates the 5PGLB combination with Sec-
tion 24 resultsexcluded. Again, the R? valueincreased with the

exclusion of the Section 24 data (0.43 to 0.70). An ANOVA
indicated that the relationship was not significant at alevel of
significance of 5 percent (a P-value of 0.077); however, the
relationship was significant at a 10-percent level of signifi-
cance (a P-value of less than 0.10).

The relationship between field and laboratory rutting with
Section 24 removed for the 4PGSC combination isillustrated
in Figure 29. With the removal of Section 24, the R? value
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increased for thiscombination from 0.36t0 0.79. AN ANOVA
confirmed that the relationship was significant at a 5-percent
level of significance (aP-value of 0.044).

Figure 30 illustratesthe 5PGSB combination with the Sec-
tion 24 results removed. As with the other three combina-
tions, the R? value increased (from 0.50 to 0.69) when Sec-
tion 24 resultswere removed. An ANOV A indicated that the
relationship was still not significant at a 5-percent level of
significance; however, the relationship was significant at a
level of significance of 10 percent (a P-vaue of 0.081).

Aninteresting observation about the comparisonswith and
without the WesTrack Section 24 was that the removal of the
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Section 24 data had little effect on the best-fitted line. For al
four combinations, the regression equations are similar.

Prior to making a selection as to the best laboratory test
combination(s), it was necessary to look at the variability
within each of the test combinations. Two separate analyses
were conducted to evaluate the variability within each of the
four test procedures. First, using data from each of the 10
field mixes, the standard deviation for a given mix was plot-
ted versus the average laboratory rut depth. The slope of this
lineisthe COV. Figures 31 and 32 present the COV plotsfor
the combinations containing cylindrical and beam specimens,
respectively. COVs determined from both plotsindicate less
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Figure 30. Combined WesTrack and MnRoad data for 5SPGSB combination,

excluding WesTrack Section 24.
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than 6-percent variation. The COVs for the two combina-
tions containing beamswere 5.7 and 0.9 percent. The COV's
for the two combinations containing cylinders were 5.4 and
1.0 percent. All four of these COVs are considered accept-
able; therefore, either sample type or hose diameter could be
recommended in the tentative test procedure.

In order to evaluate whether the standard or larger-diameter
hose showed less variability, six cylindrical samples com-
pacted to 4-percent air voids were made for each of the
10 mixes. Half of these 10 mixes were randomly selected to
be tested at the performance-grade temperature and standard
hose, and the other half were tested at the performance-grade
temperature and larger hose. These tests were intended as

replicate tests (instead of replicates within atest) so that vari-
ability between tests (or repeatability) could be evaluated.
Table 39 presents the results of both replicate tests for each
miX. Also included in this table is a column labeled “ Resid-
uals.” The residuals are based on a line of equality between
the first and second replicates. This line of equality would
have the form “y = x.” Analysis of the data in Table 39
involved determining the average squared residual. This prop-
erty is calculated by squaring each of the residuas, summing
the squared residual sfor agiven combination, and dividing by
n-2 (wheren=5). Asthe average squared residual incresses,
the variation about the line of equality also increases. For the
4PGL C combinations, the average squared residual was 6.86;

TABLE 39 Resultsof replicate tests on 4-percent cylindrical samples

Combination Mix Replicate 1 Replicate 2 Residuals

Lane7 1.89 1.59 0.30

Cell 16 6.03 6.72 -0.69

Cell 20 7.07 10.43 -3.36

Cell 21 6.22 8.33 -2.11

Section 15 4.29 6.36 —2.07

4PGLC Average Squared Residual 6.86
Lane5 6.47 6.07 0.40

Lane 10 4.84 5.56 -0.72

Lane 12 2.38 415 -1.77

Section 19 7.76 6.23 1.53

Section 24 8.27 6.12 2.15

4PGSC Average Squared Residual 3.59




for the 4PGSC combinations, the average squared residual was
3.59. This indicates that the standard hose combinations had
less variability about the line of equality.

5.4 SELECTION OF TENTATIVE TEST
PROCEDURE AND ACCEPTANCE
CRITERIA

The primary objectives of Phase Il of this study were to
determine the suitability of the APA as a general method of
predicting the rut potential of HMA mixes and to develop a
tentative standard procedure for the APA. Based upon the
analyses of individual and combined data, four potential test
combinations were identified: 4PGSC, 4PGLC, 5PGSB, and
5PGLB. An evaluation of the COV for each combination indi-
cated that all four had acceptable within-test variabilitiesasall
had COV values of lessthan 6 percent. Another analysis com-
pared the reproducibility of test results for the two hose diam-
eters evaluated using cylindrical samples compacted to
4-percent air voids and tested at the high temperature of the
standard performance grade. This analysisindicated that tests
with the standard-diameter hose were more repestable. In
addition to this analysis on hose diameter, it was shown that
test combinations containing the standard-diameter hose had
more amplification between well- and poorly performing
mixes. This was shown by the relative flatness of the regres-
sion lines for the standard-hose combinations compared with
the larger-hose combinations. Therefore, three of the four fac-
tors evaluated in Phase |1 appear to be judtifiable: low air void
content, test temperature corresponding to the high temperature

0.0170
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of the standard performance grade, and the standard-diameter
hose. Because no definitive justification for either beam or
cylindrical samples could be reached, both sample types are
recommended for inclusion in the tentative test procedure.

Another part of the overall objective for this study was to
develop preliminary critical rut depths that could be used as
acceptance criteria. Since two APA testing combinations
were selected, criteriawere developed for both. The method
of selecting critical rut depths was based on the relationship
between field and laboratory rut depths when the MnRoad
and WesTrack sections were combined. Figures 33 and 34
illustrate this relationship for the 4PGSC and 5PGSB combi-
nations, respectively, and represent the same relationships
shown in Figures 25 and 26. The method of determining the
tentative acceptance criteria can be explained in Figure 33.
First, a critical field rut depth of 12.5 mm is assumed. This
field rut depth represents the maximum acceptable level of
rutting in thefield. Second, they-axisof Figure 33isthefield
rut depths from the MnRoad and WesTrack projects divided
by the square root of the ESALs. The ESALs in this figure
represent the number of ESAL s obtained at the timefield rut
depths were measured. Using the assumed critical value of
field rutting (12.5 mm) and a given traffic (ESAL) level
allowed for the acceptance criteria to be taken from Figures
33 and 34. Thetraffic levels selected were 2, 3, 5, 10, and 30
million ESALs. Table 40 presents the values used to deter-
mine the laboratory acceptance criteria.

Based upon Figures 33 and 34, Table 41 presents accep-
tance criteriarecommended for the two selected APA test pro-
cedures based on manual rut depth measurements after 10,000
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Figure 33. Sdlected combination 4PGSC sample.
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Figure34. Sdlected combination 5PGSB sample.

cycles. The acceptance criteria appear logical. As the traffic
level increases, the required rut resistance also increases. The
4PGSC acceptance criteriaare dightly lower than the 5SPGSB
criteria; however, recall that beam samples provided higher rut
depths during the experiment and that the beams had dightly
higher air voids (5 versus 4 percent).

A number of APAs are equipped with automatic rut depth
measuring systems. Therefore, a comparison between man-
ual and automatic measurements after 10,000 cycleswas con-
ducted. Figure 35 presents this comparison, which indicates
a strong relationship (R? = 0.97). This figure shows that the
manual measurements consistently provided higher rut depths
and that the difference was not a constant offset. Using the
regression line shown in Figure 35, tentative acceptance cri-
teria were developed for automatic rut depth measurements
and are presented in Table 42. Valuesin thistable have been
rounded to the nearest 0.5 mm.

Based upon arecent APA User’s Group mesting, all agen-
cies that use an APA specification have criteria based upon
8,000 cycles. Therefore, asimilar comparison was conducted
between manua measurements after 10,000 cycles and auto-
matic measurements after 8,000 cycles (see Figure 36). Again,
astrong relationship was observed (R? = 0.96). Table 43 pre-
sentstentative acceptance criteriafor automatic rut depth mea-
surements after 8,000 cycles (rounded to nearest 0.5 mm).

Because manual rut depth measurementswereonly obtained
after 10,000 cycles, a comparison to obtain a set of tentative
acceptance criteriafor manual measurementsafter 8,000 cycles
cannot be conducted. However, if the assumption that the
relationship between manua and automatic rut depth mea-
surements shown in Figure 35 is also viable at 8,000 cycles,

TABLE 41 Tentative APA acceptancecriteria:
manual measurements after 10,000 cycles

TABLE 40 Assumed rut depth and ESAL valuesf Combination
ssumed rut depth an valuesfor . 1 ’
acceptance criteria Traffic Level, ESALs APGSC 5PGSB
- 2 million 12 mm 15 mm
Field Rut Depth, mm 3 million 10 mm 13 mm
Critical Rut Depth, mm ESALs SQRT (ESALY) 5 million 7 mm 10 mm
125 2,000,000 0.0088 10 million 5mm 7 mm
12.5 3,000,000 0.0072 30 million 3mm 4mm
125 5,000,000 0.0056 L 4-percent air voids, PG test temperature, standard hose,
125 10,000,000 0.0040 ;:ylindrical sampl_e.
125 30,000,000 0.0023 ;r;]r‘);recent air voids, PG test temperature, standard hose, beam
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Figure35. Comparison of manual (10,000 cycles) and automatic (10,000 cycles) rut depths.

the information in Table 43 can be used to provide accep-
tance criteria for manual measurements after 8,000 cycles
(see Table 44). Again, values in this table were rounded to
the nearest 0.5 mm.

One other comparison was conducted between manual and
automatic rut depth measurements. This comparison was
between manual measurements after 10,000 cycles and auto-
matic measurements after 4,000 cycles (see Figure 37). This
comparison was madein anticipation of recommending atest
plan on evaluating the APA for quality control testing. Fig-
ure 37 illustrates that there was a reasonably strong relation-
ship between the 10,000 and 4,000 cycle data (R? = 0.87).
This indicates that during quality control testing, the APA

TABLE 42 Tentative APA acceptance criteria:
automatic measur ements after 10,000 cycles

Combination
Traffic Level, ESALs 4PGSC? 5PGSB®
2 million 10.0 mm 12.5 mm
3 million 8.5 mm 11.0 mm
5 million 6.0 mm 8.5mm
10 million 4.0mm 6.0mm
30 million 2.5mm 3.5mm

1values have been rounded to the nearest 0.5 mm.

24-percent air voids, PG test temperature, standard hose,
cylindrical sample.

35-percent air voids, PG test temperature, standard hose, beam
sample.

may be able to differentiate between awell- and poorly per-
forming mix after 4,000 cycles.

5.5 COMPARISON BETWEEN APA RESULTS
AND OTHER PERFORMANCE TESTS

Selected mixes from the Phase Il research were used to
compare the rel ationship between field and |aboratory rutting
for the APA, HWTD, and simple performance test being
developed as part of NCHRP Project 9-19.

5.5.1 Hamburg Wheel Tracking Device

HWTD testing was carried out at APAC Materials Ser-
vices in Atlanta, Georgia. Only mixes from the ALF and
MnRoad field experiments were tested because limited mate-
rials were available from the WesTrack field experiment.

The test parameters used with the HWTD were atarget air
void content of 6 + 0.5 percent, atest temperature of 55°C, and
awheel load of 667 N (150 Ib). Table 45 presents the results
of the HWTD testing conducted on the ALF and MnRoad
mixes. As shown within the table, two replicates were tested
for each mix. Onereplicatetest of MnRoad Cell 21 failed prior
to achieving the end of the consolidation period. Also, the
two replicates for the MnRoad Cell 20 had a wide variation
although both suggest high potential for rutting.

Table 46 presents the average APA rutting results for the
two recommended APA test configurations (4PGSC and
5PGSB) for the same mixes shown in Table 45 and the aver-
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Figure 36. Comparison of manual (10,000 cycles) and automatic (8,000 cycles)

rut depths.

TABLE 43 Tentative APA acceptancecriteria:
automatic measur ements after 8,000 cycles

TABLE 44 Tentative APA acceptancecriteria:
manual measurements after 8,000 cycles

Combination
Traffic Level, ESALs 4PGSC 2 5PGSB *
2 million 9.5mm 11.5mm
3 million 8.0 mm 10.0 mm
5 million 55mm 7.5 mm
10 million 4.0 mm 5.5 mm
30 million 25mm 3.0mm

Combination *
Traffic Level, ESALs 4PGSC 2 5PGSB °
2 million 11.0 mm 14.0 mm
3 million 9.5 mm 12.0 mm
5 million 6.5 mm 9.5mm
10 million 4.5mm 6.5mm
30 million 3.0mm 3.5mm

1Values have been rounded to the nearest 0.5 mm.

2 4-percent air voids, PG test temperature, standard hose,
cylindrical sample.

35-percent air voids, PG test temperature, standard hose, beam
sample.

1 values have been rounded to the nearest 0.5 mm.

2 A-percent air voids, PG test temperature, standard hose,
cylindrical sample.

35-percent air voids, PG test temperature, standard hose, beam
sample.
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Figure37. Comparison of manual (10,000 cycles) and automatic (4,000 cycles)

rut depths.



TABLE 45 Resultsof Hamburg WTD testing on ALF and MnRoad mixes (mm/hr)

Field Experiment Mixture Replicate 1 Replicate 2 Average
Lane5 4.1 7.3 5.7
Lane7 0.2 0.3 0.3
Lane 10 4.9 3.9 44
FHWA ALF Lane 12 14 33 24
Cell 16 4.4 16 3.0
Cell 20 114.8 41.0 77.9
MnRoad Cell 21 53.4 2 b

@Sample failed prior to reaching end of consolidation. No average calculated.

P No average determined.

TABLE 46 Resultsof APA and Hamburg WTD testing on ALF and M nRoad mixes (mm/hr)

Field Experiment Mixture 4PGSC, mm* 5PGSB, mm"° HWTD (mm/hr)
Lane5 6.47 9.02 5.7
Lane7 3.19 2.26 0.3
Lane 10 4.84 7.79 4.4
FHWA ALF Lane 12 2.38 8.07 24
Cell 16 543 7.77 3.0
Cell 20 17.03 19.89 779
MnRoad Cell 21 15.96 20.61 ¢

49

2APA cylindrical samples at 4-percent air voids and tested at the standard PG temperature.
b APA beam samples at 5-percent air voids and tested at the standard PG temperature.
¢Samplefailed prior to reaching end of consolidation. No average calculated.

age HWTD rutting rates. All three sets of dataappear to show
asimilar trend. For the ALF mixes, Lane 7 provided low rut
depths (and rutting rate) and Lane 5 showed the highest
potential for rutting. For the MnRoad mixes, Cell 16 showed
the lowest potential for rutting for al three data sets while
Cells 20 and 21 both showed very high potential for rutting.
Theresultsfor al three test combinations shown in Table 46
areillustrated in Figure 38. Not included in Figure 38 are the
results from Cell 21 because one of the replicates did not
complete consolidation rutting during HWTD testing.
Figure 38illustratesthat the test resultsfrom both APA test-
ing procedures and the HWTD arerelated. At APA rut depths
below approximately 10 mm, the relationship between APA
and HWTD results appears to be linear. For Cell 20, both the
APA and HWTD suggest avery high potential for rutting. Fig-
ure 39 illustrates the relationship between laboratory rutting
(rut depth or rutting rate) and field rutting at the ALF. For this
analysis, thefield rut depths after 4,000 AL F passeswere used.
All three test procedures show the expected trend in the data.
Asfield rutting increases, |aboratory rutting alsoincreases. The

regression linesfor all threetest proceduresalso appear to have
somewhat similar dopes between field and laboratory rutting.
Results from the HWTD had the highest coefficient of corre-
lation (R?) at 0.95, followed by the 5PGSB (R? = 0.80) and
4PGSC (R2 = 0.52) APA combinations, respectively.

Figure 40 compares the results of HWTD testing and APA
testing for the two recommended procedures with results of
field rutting on the M nRoad project. Field rut depthson thisfig-
urewere after 2 million ESALSs. No regression lines were gen-
erated for this figure because of the lack of HWTD results on
Cell 21. As expected, for the three mixes the APA results are
generally similar. However, the range of test results between
Cell 16 and Cell 20 for the HWTD ismuch greater. The HWTD
results confirm that Cell 20 had a high potential for rutting.

5.5.2 Simple Performance Test

A further comparison was made between the APA and the
candidate simple performance tests for rutting identified in
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rutting for the ALF field experiment.

NCHRP Project 9-19: the dynamic modulustest (E*/sind); the
flow time as measured by the triaxial creep test (F+); and the
flow number as measured by arepeated load triaxial test (Fy).

The research agency contacted the research team for
NCHRP Project 9-19 and obtained test results for the three
simple performancetests (SPTs) inwhich similar mixeswere
tested. Mixes for which both SPT and APA results were
available included MnRoad Cell 16, MnRoad Cell 20, ALF

Lane5, ALFLane7, ALFLane 10, ALF Lane 12, WesTrack
Section 15, and WesTrack Section 24. SPT results for these
sections are presented in Table 47.

Initial analysis of the data within Table 47 compared the
results of APA testing with each of the SPT results. Figures
41 through 43 provide the relationship between the APA
results and E*/sind, F+, and Fy, respectively. These relation-
ships have R? valuesranging from 0.26 to 0.63. The strongest
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Figure40. Comparison of HWTD and two recommended APA proceduresto field

rutting for MnRoad field experiment.

TABLE 47 Resultsof APA and SPT testing on similar mixes

APA Combinations Simple Performance Tests
Field E*/sing, 10° Flow Time,  Flow Number,
Experiment Mixture 4PGSC 5PGSB psi ? sec® repetitions®
Lane5 6.47 9.02 0.0959 8933 349
Lane7 3.19 2.26 0.1757 None ¢ 7761
Lane 10 4.84 7.79 0.0756 11765 1658
FHWA ALF Lane 12 2.38 8.07 0.1472 11290 None ¢
Cell 16 5.43 7.77 0.1020 1141 444
MnRoad Cell 20 17.03 19.89 0.0625 7 144
Section 15 6.64 6.08 0.1344 € €
WesTrack Section 24 8.27 13.33 0.1341 121970 1756

aDynamic Modulus Test ~ Test temperature of 130°F and frequency of 5 Hz.
b Static Creep Test ~ Test temperature of 130°F, confining stress of 20 psi and axial stress of 140 psi for ALF and

WesTrack and 120 psi for MnRoad.

¢Unconfined Repeated Load Triaxial Test ~ Test temperature of 130°F and axial stress of 10 psi.
4None—no flow within the 10,000 cycles specified by the test procedure.
€WesTrack Section 15 was determined as an outlier for all tests under NCHRP Project 9-19.

relationship for both APA test configurations was with flow
number (see Figure43). The poorest rel ationship for both APA
test configurations was with the flow time (see Figure 42).
Figure 42 showsthat the Section 24 data appear to be outliers
for the flow time results.

The next analysis with the SPT data was to compare |abo-
ratory APA and SPT results with field rut depths. Thisanaly-
siswas similar to the analysis conducted earlier in this report
using normalized rut depths; the ALF data were not used
becausethe ALF wheel passes could not berelated to ESALSs.

Results of the comparisons between E*/sind, F+, and Fy and
normalized field rutting areillustrated in Figures 44 through 46,
respectively. The relationships between APA rut depths and
normalized field rut depths are also shown on al three figures.
For the comparisons, the axeswere reversed so that asecond y-
axis (represeting the SPT results) could be added. Thisallowed
abetter visual comparison of the different test procedures. Four
mixesareincluded on thesefigures: MnRoad Cell 16, MnRoad
Cell 20, WesTrack Section 15, and WesTrack Section 24. Flow
timeand flow number resultsfor the WesTrack Section 15 mix-
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Figure42. Comparison of flow time (Fr) with APA results.

ture were considered outliers by the NCHRP Project 9-19
researchers and therefore were not provided.

Figure 44 illustrates the two recommended APA test pro-
cedures and E*/sind results versus normalized field rut
depths. The R? values on this figure range from 0.05 to 0.70
with the 5SPGSB having the largest R? value and E*/sind hav-
ing the lowest. The regression line for E*/sind has a negative

dope. Thisindicatesthat as stiffness decreased, the potential for
rutting increased.

Figure45illustratesthe relationship between the two APA
procedures and flow time versus normalized field rutting.
The R? values for the three regression lines range from 0.50
to 0.70 with the 5PGSB having the highest and flow time
having the lowest R? value. As stated previously, the flow
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time data do not include WesTrack Section 15 and, there-
fore, contains only three data points compared with the four
datapointsfor the APA data. All threeregression lineshave
a somewhat similar slope.

Figure 46 illustrates the two recommended A PA test pro-
cedures and the flow number results versus normalized

field rut depths. Similar to the flow time analysis, the flow
number data shown in Figure 46 contains only three data
points. The R? values on this figure range from 0.34 to 0.70
with the 5PGSB having the largest R? value and flow num-
ber having the lowest. All three regression lines have some-
what similar slopes.
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PHASE Il CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

The conclusions provided below are based upontheresearch
results obtained during Phase I1:

1. Cylindrical samplescompacted to 4-percent air voidsand

. Beam and cylindrical samples predicted field rutting

performance approximately equally well.

. Test temperature significantly affects measured rut

depthsinthe APA. Astest temperatureincreases, APA
rut depths increase.

beam samples compacted to 5-percent air voids resulted
in APA laboratory test results that were more closely
related to field rutting performance than were cylindrical
and beam samples compacted to 7-percent air voids.

. Samples tested in the APA at atest temperature corre-
sponding to the high temperature of the standard per-
formance grade for a project location better predicted
field rutting performance than did samplestested at 6°C
higher than the high temperature of the standard per-
formance grade.

. Sampleswith both the standard and large-diameter hoses
predicted field rutting performance about equally. How-
ever, samples tested with the standard hose were shown
to produce less variahility.

. Test results when using the standard-diameter hose
were collectively higher than were test results with the
larger-diameter hose.

7. APA test resultswhen using beam samples produced col-

lectively higher rut depths than did cylindrical samples.

6.2 RECOMMENDATIONS

Based upon the test results and analysis, a tentative stan-
dard method of test in AASHTO format was developed and
isrecommended. Thisprocedureispresented in Appendix B.
Until a round-robin study is conducted using the automatic
rut depth measuring system provided by the APA, the man-
ual readings are tentatively recommended.




56

CHAPTER 7

VALIDATION OF PROPOSED APA TEST METHOD (PHASE IlII)

An experimental plan to validate the proposed test method
developed in Phase Il was conducted in Task 7. The plan
included mixes with known field performance that were not
used in the Phase |1 research. This chapter presentsthe exper-
imental plan for Task 7 (Phase I11), adescription of the new
mixes, test results, and analyses.

7.1 EXPERIMENTAL PLAN

The experimental plan for the validation phase included
selecting 14 additional mixesof known field performanceand
testing these mixes using the APA test procedure recom-
mended as aresult of Phase Il (see Appendix B). Two sepa-
rate field pavement experiments were selected for thisvalida-
tion. Thefirst wasafull-scalefield experiment on I nterstate 80
(1-80) near Reno, Nevada. The Nevada DOT placed four dif-
ferent mixes on 1-80: two were Superpave-designed mixes,
and two were designed according to the standard Nevada
DOT procedure (Hveem). These four mixtures were selected
for the Phase 11 validation study. The second field experiment
was the National Center for Asphalt Technology (NCAT)
Test Track. Ten mixes were selected from this experiment.

Testing of the 14 Phase 111 mixes was carried out using
both the cylindrical and beam specimens because the Phase
Il results did not differentiate one sampletypefrom the other.
All of the mixeswere fabricated from original materials, pro-
portioned to meet in-place properties, mixed in the labora-
tory, and subjected to short-term aging. Test temperaturesfor
the mixes were selected as the high temperature of the stan-
dard performance grade. For all 14 mixes, this temperature
was 64°C. For the NCAT Test Track mixes, replicated tests
were performed using cylindrical and beams samples (two
sets of six cylinders and two sets of three beams were tested)
for selected mixes. The project panel recommended these
replicated tests to eval uate the repeatability of the test meth-
ods. Only single replicate tests were conducted for the
remaining mixes.

7.2 SELECTION OF MATERIALS

Based upon the approved Phase |11 experimental plan, 14
mixes of known rutting performance wereincluded during the
validation testing. Thefollowing sections describe these mixes.

7.2.1 Interstate 80 in Nevada (4 Test Sections)

Four test sectionswere placed on 1-80 in Nevada near the
WesTrack site in September 1998. The purpose of the
experimental design for the four [-80 test sections was to
compare the field performance of the Nevada DOT’s
(NDOT’s) conventional Hveem mixture designed with an
AC-20 P (polymer-modified AC-20) binder with Super-
pave mixtures placed at WesTrack. In addition, NDOT was
interested in evaluating the effect of two factors—binder
type and gradation—on the observed superior performance
of its conventional mix over the Superpave mixes placed at
WesTrack.

Figure 47 shows the layout of the test sectionsin the driv-
ing (westbound) lane of 1-80 located at Milepost 63 east of
Fernley, Nevada. Figure 48 shows the sampling and moni-
toring areas for these test sections. The condition survey of
the test sections (including measurement of rut depths at 11
locations within the 500-ft-long monitoring section) was car-
ried out at regular intervals by the University of Nevada at
Reno. The last survey was conducted on April 4, 2001, after
approximately 2.9 million ESALSs.

Table 48 gives mix composition and average rut depths
(measured on April 4, 2001) for the different test sections.
The two asphalt binders used in the study were a Superpave
PG 64-22, which was unmodified, and a viscosity-graded
AC-20 that had been polymer modified (AC-20P). All four
of the mixes had gradations that were 19.0-mm NMAS. As
seenin Table 48, the two Superpave mixeswere placed with
almost identical gradations and the two NDOT (Hveem)
mixes also had almost identical gradations (as intended).
However, the Hveem-designed mixes were finer than the
Superpave-designed mixes (Figure 49). On the 4.75-mm
(No. 4) sieve, there was about a 10-percent difference in the
two gradations. Also, the Superpave mixes had about 1 per-
cent more asphalt binder than did the Hveem-designed
mixes. Average rut depthswere similar and relatively low for
thetwo NDOT mixes as both had an average rut depth of 1.6
mm after approximately 2.9 million ESALSs. The Superpave-
designed mix using the PG 64-22 binder (unmodified) had
the highest average rut depth at 15.1 mm; the Superpave-
designed mix using the polymer-modified AC-20 had an
average rut depth of 7.1 mm.
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Direction of Traffic (westbound travel lane)

NDOT (AC-20P) NDOT (PG 64-22)

Superpave (PG 64-22)

Superpave (AC-20P)

Figure47. Layout of test sections on Interstate 80 near Milepost 63 near Fernley, Nevada.

Superpave (AC-20P) and Superpave (PG 64-22) Sections

| 175' Sampling | 500" Monitoring

| 175' Sampling |
NDOT (AC-20P) and NDOT (PG 64-22) Sections
| 100" Sampling | 500" Monitoring | 100" Sampling |

Figure48. Sampling and monitoring locations of Interstate 80 test sections.

7.2.2 NCAT Test Track (10 Test Sections)

The 1.7-mile oval NCAT Test Track was completed in
August 2000; the loading began in September 2000. The test
track had 26 test sections (each 60 m long) on the tangents,
sponsored by nine states (Alabama, Florida, Georgia, Indiana,
Mississippi, North Carolina, Oklahoma, South Carolina, and
Tennessee) and FHWA. An additional 20 test sections were
located on thetwo curvesof the oval. Figure 50 showsthe lay-
out of the test sections. All of the test sections were con-
structed identically except for thetop 100 mm (4in.) that were
used for the experimental mixes. Within the top 100 mm, test

sections generally consisted of a50-mm ( 2-in.) upper binder
course and a 50-mm (2-in.) wearing course. All test sections
were underlaid with 356 mm (14 in.) of HMA base course
and 125 mm (5 in.) of permeable asphalt base. The follow-
ing are specific mix attributes whose performance was com-
pared on the test track:

» Coarse-graded, fine-graded, and through-restricted-zone
gradation of Superpave mixes;

» Neat versus modified asphalt binder at optimum asphalt
content as well as optimum +0.5 percent;

TABLE 48 Mix composition and rut data for 1-80 test sections

Test Section
Property 1 2 3 4
Mix Type Superpave Superpave NDOT (Hveem) NDOT (Hveem)
Binder Type AC-20P PG 64-22 PG 64-22 AC-20P
Asphalt Content, % 6.0 6.3 51 51
Gradation, % passing
25.0 mm 100 100 100 100
19.0 mm 99 99 93 95
12.5 mm 85 87 84 84
9.5mm 73 75 75 74
4.75 mm 44 45 54 53
2.36 mm 28 29 40 40
1.18 mm 19 19 29 29
0.60 mm 14 14 21 22
0.30 mm 11 11 14 14
0.150 mm 8 9 9 9
0.075 mm 6.6 6.9 6.1 6.2
Average Rut Depth, mm,
on April 4, 2001
(2.9 million ESALYS) 7.1 15.1 16 16
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Figure49. Gradationsfor Nevada Interstate 80 mixes.

» Stonematrix asphalt (SMA) versus Superpavemix using  S9, and S10. Selection of these sectionswas confirmed by the

granite aggregate; and

project panel to evaluate binder type and percentage (N1, N3,

e 12.5-mm versus 9.5-mm NMAS Superpave-designed  and N4); mix type (N11 and N12); aggregate type (4, S5,

mixes.

and SB); and gradation shape (S9 and S10).
Table 49 provides the information on mix, aggregate, and

Mixes from 10 test sections of the track were selected for binder type for the selected mixes. Nine of the ten mixes
the validation research: N1, N3, N4, N11, N12, $4, S5, S8,  were designed according to the Superpave mix design sys-
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Figure50. Layout of NCAT Test Track.
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TABLE 49 In-place propertiesof selected NCAT Test Track sections
SELECTED SECTIONS
N1 N3 N4 N11 N12 A S5 S8 S9 S10
Mix Type Superpave | Superpave | Superpave | Superpave SMA Superpave | Superpave | Superpave | Superpave | Supepave
Nesign 100 100 100 100 50 Blows 100 100 100 100 100
PG Binder 76-22 64-22 64-22 76-22 76-22 76-22 76-22 76-22 64-22 64-22
(SBS) (SBS) (SBS) (SBS) (SBS) (SBS)
Aggregate Type LMSSag | LMSSlag | LMS/Slag Granite Granite | LMSRAP | Cr. Gravel Granite Granite Granite
Gradation Shape ARZ ARZ ARZ TRZ SMA ARZ TRZ BRzZ BRz ARZ
Sieve, mm % Passing
25.0 100 100 100 100 100 100 100 100 100 100
19.0 100 100 100 100 100 100 100 100 100 100
125 100 99 99 97 96 98 95 100 93 95
9.5 92 91 91 80 73 88 82 93 82 88
4.75 69 68 68 52 32 63 61 58 53 69
2.36 52 51 52 37 23 46 45 38 36 52
118 33 33 35 30 21 33 33 25 27 38
0.60 22 22 23 24 19 23 22 19 20 27
0.30 15 15 15 18 17 13 10 15 14 19
0.150 10 10 9 11 14 9 7 12 9 11
0.075 6.7 6.5 6.0 7.2 11.8 7.8 5.0 7.8 5.7 6.6
Asphalt Content 74 7.6 6.8 43 6.2 5.3 5.6 4.2 47 5.2
Average Density 95.1 9.1 934 93.1 94.6 94.3 94.9 91.8 934 937

Notes: SMA = stone matrix asphalt; SBS = styrene-butadiene-styrene; LMS = limestone; RAP = reclaimed asphalt pavement; ARZ = above restricted zone;

TRZ = through restricted zone; BRZ = below restricted zone.

tem. Of these ning, five mixes had gradations passing above
the restricted zone (ARZ), two had gradations passing below
the restricted zone (BRZ), and two had gradations passing
through the restricted zone (TRZ). The tenth mixture was
a stone matrix asphalt (SMA). Two different Superpave
performance-graded asphalt binders were used with the ten
mixes. Four mixes used an unmodified PG 64-22, and the
remaining six mixeswere produced with an SBS-modified PG
76-22. The PG 64-22 met the Superpave binder requirements
beyond ahigh temperature of 67°C. Five of the ten mixes con-
tained a granite aggregate, four contained limestone, and one
mix was composed of a crushed siliceous gravel. Of the four
mixes containing limestone (LM S), three were combined with
adag and the other included recycled asphalt pavement (RAP).

Table 49 shows that four of the mixeshad 9.5-mm NMAS
gradations and the remaining six mixeshad 12.5-mm NMAS
gradations. Figure 51 illustrates the gradations for the four
9.5-mm NMAS mixes. This figure shows that Sections N1,
N3, and N4 had almost identical gradations. The primary dif-
ferences among the mixes were binder type and content. The
gradation for S8 was coarser than the mixesin N1, N3, and
N4. NCAT Test Track mixes having a 12.5-mm NMAS are
illustrated in Figure 52.

Table 49 also showsthe averagein-place density (expressed
asapercentage of theoretical maximum density) of each sec-

tion immediately after construction. All of the sections were
constructed well: the lowest average density observed was
91.8 percent of theoretical maximum density for Section S8.
Average rut depths for each of the sections after 8.9 million
ESALsare presented in Table 50. Thistable showsthat all of
the test sections performed well with respect to rutting. The
largest average rut depth for the ten sections was 6.0 mm
(N3), which is less than half of the generally allowable rut
depth of 12.5 mm (%2 in.) during the pavement’ s servicelife.
Seven of the ten test sections exhibited less than 2-mm rut
depths, depths which are almost negligible.

7.3 TEST RESULTS AND ANALYSIS

The objective of Phase I11 was to validate the test method
recommended during the Phase Il testing. Table 51 presents
the results of APA testing for the 14 mixes used in the vali-
dation. Within thistable, the [-80 mixesfrom Nevada are pro-
vided in the first 4 rows, while the NCAT Test Track mixes
are provided in the last 10 rows. Only a single replicate test
was conducted for the Nevada mixes asthere wasinsufficient
meaterial to conduct replicated tests. For theNCAT Test Track
mixes, replicated tests were conducted on both the cylindri-
cal and beam sample types for Sections N1, N3, and N4.
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Figure51. Gradationsfrom NCAT Test Track having 9.5-mm NMAS gradations.

Replicated tests were also conducted with cylindrical sam-
plesfor Section 4.

Figure 53 presents the relationships between field rut
depths and APA rut depths for the Nevada I-80 mixes after
2.9 million ESALSs for both the cylindrical and beam sam-
ples. Neither of the relationships was strong, having R? val-
ues of 0.60 and 0.45, respectively. The best fit linesshownin
Figure 53 do follow the expected trend of increasing field rut-
ting for increasing laboratory rut depths. However, the trend
line for the cylindrical samplesis steeper than is desired.

100

Figure 54 illustratesthe relationship between field and lab-
oratory rutting for the 10 NCAT Test Track sections. Only
results for the first replicate testing are shown. Again, the R?
valuesfor the cylindrical and beam data sets were not strong
at 0.23 and 0.002, respectively. The best fit line for the beam
sampleswas basically flat, indicating no relationship between
field and laboratory rutting (as would be expected with the
very low R? value). Obviously, the APA did apoor job of pre-
dicting field performance for the test track mixes. All of the
mixes placed on the test track could be considered premium,
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Figure52. Gradationsfor NCAT Test Track having 12.5-mm NMAS gradations.



TABLE 50 Averagerut depthsfor NCAT Test Track mixes
after 8.9 million ESALs

Section Aver age Rut Depth After 8.9 Million ESALsS, mm
N1 22
N3 6.0
N4 4.0
N11 0.8
N12 15
sS4 0.8
S5 0.8
S8 12
SO 1.0
S10 2.7

high-type mixes with the exception of Sections N2, N3, N5,
N7, and N10. These sections were placed at binder contents
approximately 0.5-percent higher than optimum. Of these,
only N3 was included in the Phase 111 research. As shown in
Table 50, Section N3 did have the highest rut depth in the
field, at 6.0 mm. However, after 10 million ESALS, thismag-
nitude of rutting was very small and may be nothing more
than densification instead of rutting. According to APA test
results on both beams and cylinders (Table 51), Section S5

TABLE 51 APA test resultsfor Phaselll mixes
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should have rutted most; however, Section S5 rutted the least
inthefield. Therefore, if the rut performance exhibited by the
sections is realistic of rutting that would take place under
normal time and temperature effects, then the APA did not
predict field performance.

The method for validating the proposed APA test method
involved comparing the relationships between field and
laboratory rutting developed during Phase Il and Phase |11
research. However, there was aminor change to the Phase |
data that first had to be accounted for. During Phase I, test-
ing was conducted to 10,000 cycles and manual rut depths
were obtained. In the proposed APA test method, 8,000 cycles
were recommended. Therefore, testing during Phase |11 was
conducted to 8,000 cycles.

In order to compare the Phase |1 and Phase |11 relationships
between field and laboratory rutting, the manual rut depths
obtained at 10,000 cyclesduring Phase Il had to be adjusted to
8,000 cycles. In Chapter 5, the relationships between manual
and automatic rut depth measurements at 8,000 and 10,000
cycleswere discussed (see Figures 35 and 36). Theserelation-
ships described in Chapter 5 were used to correct the Phase 1
relationships to 8,000-cycle manual rut depths.

Thefollowing sections compare the rel ationships between
field and laboratory rutting for the Phase Il and Phase 1|
results. The hypothesiswasthat if the two relationshipswere
similar, the relationship between field and laboratory rutting
could be considered validated. This does not insinuate that
the relationship was good or bad—only that the relationship
between field and laboratory rutting was similar between

Mix Cyl. Samples Cyl. Samples Beam Samples Beam Samples
(Rep 1), mm (Rep 2), mm (Rep 1), mm (Rep 2), mm

NDOT (AC-20P) 4.36 — 6.46 —
NDOT (PG 64-22) 5.78 — 2.98 —
Superpave (AC-20P) 6.78 — 4.64 —
Superpave (PG64-22) 6.93 — 7.82 —

NCAT N1 1.40 3.60 343 3.15

NCAT N3 6.40 7.20 7.09 8.12

NCAT N4 8.30 7.43 4.42 5.27
NCAT N11 1.78 — 1.90 —
NCAT N12 3.40 — 3.84 —
NCAT 4 2.66 2.79 7.86 —
NCAT S5 7.97 — 13.29 —
NCAT S8 1.89 — 1.44 —
NCAT S9 4.85 — 4.98 —
NCAT S10 6.28 — 8.48 —

— Not tested.
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Figure53. Relationship between field and lab rutting for Nevada 1-80 mixes.

Phase Il and Phase I11. The strength of the relationship will
define the usefulness of the APA in predicting the potential
for rutting in the field.

7.3.1 Validation for Cylindrical Specimens

Comparison of the relationship between field and labora-
tory rutting during Phases|1 and 111 for cylindrical specimens
isillustrated in Figure 55. Therelationships shown inthisfig-
ure are similar to the relationships shown for Phase Il in that

7.0

thefield rut depths were normalized by the square root of the
number of ESAL s applied when the rut depth measurements
were obtained. Figure 55 showsthat the rel ationships between
field and laboratory rutting are significantly different during
Phases Il and Il1, both in terms of intercepts and overall
slopes. Callectively, the Phase 111 relationship had a flatter
dlopethan did the Phase 11 relationship. Obviously, the Phase
[11 datawereinfluenced by very low field rut depths recorded
on NCAT test sections.

One statistical method to compare whether the Phase 111
data improved the Phase |1 relationship between field and
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Figure54. Relationship between field and lab rutting for NCAT Test Track

mixes.
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Figure55. Comparison of Phases || and Il relationship between field and lab rutting,

cylinders.

laboratory rutting (therefore validating the Phase Il conclu-
sions) would be to input the Phase 111 data into the Phase |1
model (regression line) and evaluate the standard error of the
estimate for all observations. The standard error of the esti-
mate is the standard deviation of error (difference between
observed value and predicted value) about a model. If the

standard error of the estimate decreases with the inclusion of
the Phasel 1l data, the Phase || conclusions can be considered
validated. Thisanalysisis presented in Table 52. Based upon
the standard error of the estimate for the Phase || data alone
(0.00455) and the standard error of the estimate for the com-
bined Phase Il and Il data (0.00338), the inclusion of the

TABLE 52 Comparison of standard errorsof the estimate for cylindrical samples

Phase Section APA Rut  Rutting Rate? Predicted Error Standard Error
Depth, mm Rutting Rate of the Estimate
C16 5.10 0.002885 0.004497 -0.00161
C20 15.90 0.012076 0.011401 0.00068
c21 14.90 0.006950 0.010815 -0.00386
S15 6.20 0.004113 0.005297 -0.00118
S19 7.20 0.006482 0.006013 0.00047
1 S24 7.70 0.015610 0.006333 0.00928 0.00455°
NVAC-20P 4.36 0.000917 0.003978 -0.00306
NV PG64-22 5.78 0.000917 0.005004 —0.00409
SPAC-20P 6.78 0.004128 0.005698 -0.00157
SPPG64-22 6.93 0.008715 0.005800 0.00292
4 2.66 0.000278 0.002661 -0.00238
S5 7.97 0.000281 0.006499 -0.00622
S8 1.89 0.000391 0.002015 -0.00162
S9 4.85 0.000335 0.004338 -0.00400
S10 6.28 0.000896 0.005354 —0.00446
N1 1.40 0.000723 0.001578 -0.00086
N3 6.40 0.002014 0.005437 -0.00342
N4 8.30 0.001338 0.006718 -0.00538
N11 1.78 0.000278 0.001919 -0.00164
11 N12 3.40 0.000508 0.003249 —0.00274 0.00338°

aField rut depth divided by square root of ESALS.
b Standard error of the estimate including only Phase Il data.

¢ Standard error of the estimate including both Phase I and Phase |11 data using Phase Il regression.
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Phase |11 data improved the relationship between field and
laboratory rutting. Based upon these standard errors of the
estimate, the Phase |1 relationship between field and labora-
tory rutting was validated statistically with the Phase |11 data.

Figure 56 illustratesthe relationship between field and lab-
oratory rutting when both the Phase |1 and Phase |11 data are
combined. Therelationship between field and laboratory rut-
ting was significant (a P-value of lessthan 0.05) although the
R2 was only 0.47. Also, the R? value increased (from 0.36 to
0.47) for the combined data set compared with the Phase |1
data alone.

7.3.2 Validation for Beam Specimens

Comparison of the relationship between field and labora-
tory rutting during Phases Il and 111 for beam specimensis
illustrated in Figure 57. In thisfigure, it appearsthat therela
tionships between field and laboratory rutting were signifi-
cantly different (in terms of general slopes) during Phases 1
and I11. Similar to the cylindrical samples (see Figure55), the
Phase 11 relationship had aflatter slope than did the Phase 11
relationship.

Table 53 presentsthe standard errors of the estimate for the
Phase |l data.alone and combined Phase |1 and |11 data. Based
onthestandard error of theestimatefor the Phase || dataaone

(0.00415) and the standard error of the estimate for the com-
bined Phase Il and IIl data (0.00334), the inclusion of the
Phase 111 data did improve the relationship between field and
laboratory rutting. Based upon these standard errors of the
estimate, the Phase |1 relationship between field and labora-
tory rutting was validated statistically with the Phase |11 data.

Figure58illustratesthe relationship between field and lab-
oratory rutting when both the Phase I and Phase 11l beam
data are combined. The relationship between field and labo-
ratory rutting was significant (a P-value of less than 0.05)
although the R? was only 0.34. Unlike cylinders, the R? value
decreased (from 0.50 to 0.34) for the combined data set com-
pared with the Phase || data alone.

7.3.3 Validation Analysis Considering Potential
Outliers

The WesTrack Section 24 mix was identified as a possible
outlier during Phase 1. Sincenone of the I0NCAT Test Track
sections developed any significant rutting in the field, al 10
could potentialy be considered outliers. Extensive analysis as
described in preceding Sections 7.3.1 and 7.3.2 were repeated
excluding these data of potential outliers. However, the analy-
sis results were generally not different from those including
all sections.

0.0180
Analysis of Variance for Regression
Source DF SS MS F P
0.0160 + Section 24 o Regression 1 16343 16343 1580 0.001
Residual Error 18  18.625  1.035
Total 19 34.968
0.0140 1 ¢ Phase Il
e Phase lll
g 00120+ .
£ E Phase | and Phase Il Data Combined
0.0100 A
g3
=L ° _ 1.4423
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Figure56. Combined Phase Il and Phase |11 relationship between field and laboratory rutting

(4PGSC).
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Figure57. Comparison of Phase Il and Phase Il relationships between field and lab rutting (5PGSB).

7.3.4 Validation Conclusions

It was concluded in Phase Il that the APA can be used to
determine the rutting potential of HMA mixes in the field.
Although statistical analysesin Sections 7.3.1 and 7.3.2 have
generaly indicated validation of this Phase Il conclusion in
Phase 111, it is evident that the absolute relationship between

the APA rut depths and the field rut depth varies from project
to project depending on each project’s geographical location
and traffic characteristics. Therefore, it isnot possibleto pre-
dict thefield rut depthsfrom the APA rut depths on a specific
project using relationships from other projectsin a different
environment. It is also possible that the relationship isinflu-
enced by the mix type.

TABLE 53 Comparison of standard errors of the estimate for beam samples

Phase Section APA Rut  Rutting Rate® Predicted Error Standard Error
Depth, mm Rutting Rate of the Estimate
C16 7.25 0.002885 0.004846 —-0.001961
C20 18.57 0.012076 0.011390 0.000686
c21 19.24 0.006950 0.011764 -0.004814
S15 5.68 0.004113 0.003878 0.000235
S19 10.12 0.006482 0.006560 -0.000077
Il S24 12.44 0.015610 0.007916 0.007694 0.004153"
NVAC-20P 6.46 0.000917 0.004362 -0.003444
NV PG64-22 2.98 0.000917 0.002159 -0.001241
SPAC-20P 4.64 0.004128 0.003229 0.000900
SPPG64-22 7.82 0.008715 0.005189 0.003526
7] 7.86 0.000278 0.005213 —0.004936
S5 13.29 0.000281 0.008404 -0.008123
S8 144 0.000391 0.001114 —-0.000723
S9 4.98 0.000335 0.003443 —-0.003109
S10 8.48 0.000896 0.005586 —0.004689
N1 343 0.000723 0.002453 -0.001731
N3 7.09 0.002014 0.004747 -0.002733
N4 4.42 0.001338 0.003089 -0.001751
N11 1.90 0.000278 0.001434 —-0.001156
11 N12 3.84 0.000508 0.002718 —0.002210 0.003338°

aField rut depth divided by square root of ESALS.
b Standard error of the estimate including only Phase || data.

¢ Standard error of the estimate including both Phase I and Phase |11 data using Phase 11 regression.
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TABLE 54 Single-factor ANOVA cylindrical samples

¢ Phase Il

e Phase Ill Section 24 ¢

Analysis of Variance for Regression
4 Source DF SS MS F P

Regression 1 11909 11909 9.30 0.007
Residual Error 18 23.060  1.281
] Total 19  34.968

Field Rut Depth. mm
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Figure58. Combined Phase |l and Phase 11 relationship between field and laboratory

rutting (5PGSB).

TABLE 55 Single-factor ANOVA for beam samples

Source | Degreesof Freedom | Sum of Squares | Mean Squares Source | Degreesof Freedom | Sum of Squares | Mean Squares
Total 7 48.869 Total 5 61.325
Mix 3 45742 15.257 Mix 2 60.395 30.197
Error 4 3.127 0.782 Error 3 0.931 0.310

7.4 ESTIMATE OF REPEATABILITY

Using the data provided in the previous sections, the vali-
dation of the Phase |1 relationships between field and labora-
tory rutting were evaluated. The strengths of the relationships
for both cylinders and beams were not strong, but they were
significant. The strength of the relationships were reasonable
considering the influences of climatic conditions, varying
traffic effects, and varying materials at each of the field pro-
jects used within this study. One remaining question is that
of repeatability. To investigate repeatability, the replicated
tests shown in Table 51 were used. A single-factor ANOVA
was conducted for both sample types with the mix being the

single factor. The ANOVA was selected because the mean
squares error produced by the ANOVA is a pooled estimate
of repeatability variance. By taking the square root of the
mean squares error term, a pooled estimate of repeatability
standard deviation can be obtained. Tables 54 and 55 present
the ANOVA results for the cylindrical and beam sample
types, respectively.

In Tables 54 and 55, the beam samples had alower pooled
estimate of repeatability variance (0.31 for beams and 0.78
for cylinders). This also indicates a smaller pooled estimate
of repeatability standard deviation (0.56 for beams and 0.88
for cylinders). Therefore, the replicated tests showed more
repeatable results for beam sample types.
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PROPOSED RESEARCH PLAN TO EVALUATE APPLICABILITY OF APA

FOR FIELD QC/QA OPERATIONS

8.1 INTRODUCTION

Currently the Superpave mix design system does not include
any tests to evaluate the rutting susceptibility of HMA. The
purpose of NCHRP Project 9-17 was to evaluate the APA as
asuitable proof test for determining the rutting susceptibility
of designed HMA mixes. According to the completed study,
the APA isan acceptable method for proof testing laboratory-
designed mixes.

The usefulness of any mix design proof test is extended if
it can be used in QC/QA applications. An owner agency must
know whether a produced HMA will perform satisfactorily
on the roadway. |deally, this type of information should be
availablewithin 24 h or less of amix being produced. There-
fore, it isimportant that the APA be evaluated for its useful-
ness as a field QC/QA test method. Before the APA can be
used as a QC/QA test method, the following issues should be
researched further.

8.1.1 Sample Size

NCHRP Project 9-17 recommended cylindrical samples
compacted to 4 + 0.5-percent air voids or beam samples com-
pacted to 5 + 0.5-percent air voids. For both sample types,
sample height was set at 75 + 3 mm. Compacting samplesto
a specified air void content is generally an iterative process.
Samples must be compacted and allowed to cool, and then the
bulk-specific gravity must be determined in order to obtain air
void contents. If the samples do not meet the desired air void—
content range, then another set of samples must be compacted.
This process can take a number of iterative stepsin order to
obtain enough samplesfor testing.

In order to simplify the compaction of cylindrical samples
and to speed up thetesting of QC/QA samples, apossible solu-
tion would be to ssimply compact samples to the design num-
ber of gyrations. A potential problem with this compaction
method is that samples are 115 = 5 mm in height. Thisis dif-
ferent from the 75 mm recommended in NCHRP Project 9-17.
Research should be conducted to compare rut depths of sam-
ples compacted to 4-percent air voids with samples compacted
to the design number of gyrations. Also included in thiswork
would be a comparison between the two sample heights.

8.1.2 Hose Pressure and Wheel Load

NCHRP Project 9-17 recommended using awhesel load and
hose pressure equal to 533 N (120 Ib) and 830 kPa (120 psi),
respectively. Historically, APA testing has been conducted at
445 N (100 Ib) and 690 kPa (100 psi), respectively. Thereis
concern by some that alarge proportion of APAs do not cur-
rently have an adequate air pressure supply to maintain an
830-kPahose pressure. The differencesin rut depths for test-
ing at 533 N/830 kPa and 445 N/690 kPa were not investi-
gated during NCHRP Project 9-17. An investigation should
be conducted to compare rut depths between the two loading
conditions to determine whether there is a high correlation.
Because of the recommendations of a higher than historical
test temperature (the high temperature of the standard per-
formance grade for a project location), it is possible that the
445 N/690 kPa loading may be sufficient.

8.1.3 Effect of Reheating Prior to Compaction

In quality assurance applications, plant mix is commonly
cooled down, taken to acentral laboratory, reheated, and then
compacted for testing. Samples that have to be reheated in
this manner may have further aging, leading to a stiffer mix.
An investigation should be conducted to compare rut depths
of samples that are “hot compacted” with samples that are
reheated. This should be conducted on plant-mixed HMA.

8.1.4 Effect of Asphalt Absorption

The production of HMA can be arelatively quick process.
Concerns have recently been raised that when an HMA sam-
pleis tested immediately after production, there is insuffi-
cient time for aggregates to absorb the asphalt binder similar
to what occurs during the short-term oven aging procedure
during mix design. In essence, thisresultsin higher effective
asphalt binder contents than in mix that is transported and
placed on the roadway. The transport and placement allows
time for more asphalt binder to be absorbed.
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This problem may affect results of APA testing during
QC/QA. If amixture contains an aggregate with a relatively
high absorption value, the mix may act likeit isover-asphalted
if compacted immediately after production. This, in turn,
would lead to high rut depths; however, these high rut depths
may not beindicative of the mix that was placed on the road-
way. Some states have addressed this problem by requiring
a 1-h oven aging on plant-produced mix. An experiment
should be conducted to determine whether plant-produced
mix needs oven aging prior to compaction and, if so, at what
level of absorption does oven aging become necessary. This
experiment should contain aggregates with a wide range of
water absorption values.

8.1.5 Comparison of Laboratory and
Plant-Produced Rut Depths

Oneissue that must be addressed in a QC/QA study of the
APA isacomparison of rut depths for laboratory- and plant-
produced mixtures. The Superpave mix design system does
areasonably good job of simulating the condition and char-
acteristicsof HMA after field production. However, mix that
goes through an HMA production plant is still different than
laboratory-prepared mix. A comparison in rut depths for
identical mixes (gradation and asphalt content) between
field- and laboratory-produced mix is needed. This compar-
ison should provideinsight into devel opment of critical APA
rut depths during QC/QA operations.
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RECOMMENDED PRACTICE FOR ESTABLISHING MAXIMUM SPECIFIED

RUT DEPTH FOR APA

9.1 OBJECTIVE

The objective of thisrecommended practiceisto give high-
way agencies a method of calibrating APA rut depth criteria
for local climate and traffic.

9.2 SCOPE OF RECOMMENDED PRACTICE

There aretwo prevailing methods of calibrating laboratory
permanent deformation tests to field rutting. The first entails
testing mixes during production and then following the per-
formance of these mixes over time. This method istime con-
suming, but provides a more accurate field calibration. The
second method entails identifying existing pavements with a
wide range of rutting performance. Samples of the pavement
are cut from the roadway, and the aggregates are extracted.
An asphalt binder similar to the original binder is then com-
bined with the extracted aggregate and aged in the laboratory,
and performance testing is conducted. Results of the testing
are then compared with performance in the field. The fol-
lowing sections describe these two calibration procedures.

9.3 TESTING OF PLANT-PRODUCED MIX

Identify HMA projects to be constructed that fall within
the four primary traffic categories (as shown below). At each
of the projects, compact samples of plant-produced mix to
meet the sample requirements of the APA draft standard pro-
cedure. Cylinders, beams, or both can be investigated,
depending upon the agency. At least four pavements should
be tested for each traffic category. In order to evaluate
repeatability, enough samples of the same mix should be
compacted to conduct replicate tests (one replicate equals
six cylindrical samples or three beams).

9.3.1 Evaluation of Test Data and Development
of Critical Rut Depths

For all traffic categories of asphalt pavements sampled,
tabulate the data as shown in the following table. Use engi-
neering judgment in reviewing all the data in the table, and
establish aminimum APA rut depth specification requirement
for each traffic category to ensure good rutting performance.
The specification must take into account the repeatability and
reproducibility of the APA tet, if available.

Average
Field Rut
Depth
(mm)

Average
APA Rut
Depth
(mm)

Traffic
Categor y*

Rutting
Performance
good
Very high fair
poor
good
High fair
poor

good
Medium fair
poor

good
Low fair
poor

* Categories should recognize traffic speed, climatic conditions,
and structural influences.

9.4 TESTING OF EXISTING ASPHALT
PAVEMENTS

Identify at least three asphalt pavements (or overlays) that
have been in service from 3 to 5 yearsin the following four
20-year design traffic categories.

Traffic 20-year Design Nesign Traffic 20-year Design N gesign
Category ESALs Gyrations Category ESALs Gyrations
Very high >30 million 125 Very high >30 million 125

High 3-30 million 100 High 3-30 million 100

Medium 0.3-3 million 75 Medium 0.3-3 million 75

Low <0.3 million 50 Low <0.3 million 50
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The pavements in each traffic category should be selected
to provide the following rutting performance in the field after
3to5yearsin service: good (lessthan 5 mm of rut depth); fair
(5-10 mm of rut depth); and poor (over 10 mm of rut depth).
Therefore, a minimum of 12 asphalt pavements should be
sampled. The number in some or all traffic categories can be
increased to improve confidence in specified acceptable rut
depth criteriafor APA.

Obtain HMA mix from each pavement by coring or saw-
ing, which should be done within 600 mm (2 ft) of the pave-
ment edge (outside wheel path) to represent as-placed HMA
asmuch as possible. Sampling from wheel tracksisnot desir-
able because of potential degradation of the HMA under traf-
fic. If cores are obtained, the cores should be at least 150 mm
in diameter to minimize inclusion of aggregate particles cut
by the coring operation. Sampling should be done on alevel
stretch of the highway and within the region where the field
rut depth was recorded. Enough material samples should be
obtained to produce the following:

* Six SGC specimens 150 mm diameter x 75 mm height
or three beam specimens 300 mm x 125 mm x 75 mm,

* Threeloose mixture samples (1500 gram each) to deter-
mine the theoretical maximum density (TMD), and

» Threeloose mixture samples (2500 gram each) to deter-
mine the asphalt content.

Obtain 40-percent more material than needed aboveto account
for wastage, retests, or both.

9.4.1 Analysis of In-Place Mix

Conduct three ignition tests on the HM A sample obtained
from each asphalt pavement to obtain the average asphalt
content and average gradation of the in-place mix.

Please notethat if desired, bulk-specific gravity of the core
or sawed samples and TMD of the in-place mix can be mea
sured to determinethein-placeair voidsfor information only.

9.4.2 Preparation of Test Samples

Conduct solvent extraction on the sampled, in-place mix-
ture to extract aggregate for preparing fresh mixture using
virgin asphalt binder. Obtain avirgin asphalt binder with the
same performance grade asis used on the project sampled. If
amodified binder was used on the project, obtain asimilarly
modified binder of the same performance grade.

Mix the extracted aggregate and the virgin performance-
grade binder to obtain the average in-place asphalt content in
the mix. Subject the prepared mix to short-term aging at the

desired compaction temperature suited for the performance
grade being used. Conduct three replicate tests to determine
the average TMD of the aged mix, which will be used to con-
trol the air void content in the compacted specimens.
Compact six SGC samples to obtain 4 £ 0.5-percent air
void content in the samples. (Agencies that prefer beams
should compact three beams at 5 + 0.5-percent air void con-
tent.) Where possible, replicate tests should be conducted.

9.4.3 Testing by APA

The six SGC specimens or three beam specimens should
betested to determine the average rut depth after 8,000 | oad-
ing cycles. Testing should be done at the high temperature
of the performance grade recommended for the project
location regardless of bumping. For example, a polymer-
modified PG 76-22 or PG 70-22 may have been used on a
project that required a PG 64-22 corresponding to local cli-
matic conditions. In that case, APA testing should still be
conducted at 64°C.

9.4.4 Evaluation of Test Data and Development
of Specifications

For all traffic categories of asphalt pavements sampled,
tabulate the data as shown below. Use engineering judgment
inreviewing al the datain thetable, and establish aminimum
APA rut depth specification requirement for each traffic cat-
egory to ensure good rutting performance. The specification
must take into account the repeatability and reproducibility of
the APA test, if available.

Average
Field Rut
Depth
(mm)

Average
APA Rut
Depth
(mm)

Traffic
Categor y*

Rutting
Performance

good
Very high fair
poor
good
High fair
poor
good
Medium fair
poor
good
Low fair
poor

* Categories should recognize traffic speed, climatic conditions,

and structura influences.
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STUDY CONCLUSIONS AND RECOMMENDATIONS

10.1 CONCLUSIONS

The conclusions provided below are based upon the
research results obtained during researchin Phases|1 and 11:

» APA-measured rut depths were collectively higher with

beam samples than with cylindrical samples (Phase I1).

« Using the preceding conclusions, in this study an

improved test protocol was developed for the APA in

Cylindrical samples compacted to 4-percent air voidsand
beam samples compacted to 5-percent air voids resulted
in APA laboratory test results that were more closely
related to field rutting performance than did cylindri-
cal and beam samples compacted to 7-percent air voids
(Phase I1).

Samples tested in the APA at a test temperature corre-
sponding to the high temperature of the standard per-
formance grade for a project location better predicted
field rutting performance than did samplestested at 6°C
higher than the high temperature of the standard perfor-
mance grade (Phase I1).

Samplestested with both the standard- and large-diameter
hoses predicted field rutting performance about equally
well. However, samples tested with the standard hose
produced less variability (Phase ).

Beam and cylindrical samples predicted field rutting per-
formance about equally well (Phase I1).

Test temperature significantly affects measured rut depths
in the APA. As test temperature increases, APA rut
depths increase (Phase I1).

APA-measured rut depths were collectively higher with
the standard-diameter hose than with the larger-diameter
hose (Phase I1).

order to better identify rut-prone HMA mixtures
(Phase I1).

 Laboratory rut depths measured by the APA had good
correlations on an individual project basis with the field
rut depths in the case of FHWA ALF, WesTrack,
MnRoad, and I1-80 (Nevada) projects. However, the
APA-measured rut depths had a poor correlation with
field rut depths in the case of 10 test sections on the
NCAT Test Track, which did not develop any signifi-
cant rutting after 2 years of loading (Phases 11 and I11).

» Based upon limited data, the APA compared well with
other performance tests with respect to predicting the
potential for rutting in the field (Phase I1).

* Itisgeneraly not possibleto predict field rut depthsfrom
APA rut depths on a specific project using relationships
developed on other projects with different geographical
locations and traffic (Phase 111).

10.2 RECOMMENDATIONS

Using the test results and analysis, a tentative standard
method of testin AASHTO format was developed and isrec-
ommended. This procedure is presented in Appendix B. A
round-robin study is needed to better evaluate repeatability
and reproducibility of the proposed test method.
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GLOSSARY

AASHTO: American Association of States Highway and Trans-
portation Officials

ALF: Accelerated Loading Facility

ANOVA: analysisof variance

APA: Asphalt Pavement Analyzer

ARZ: above restricted zone (gradation)

AVC: Asphalt Vibratory Compactor

BBR: hending beam rheometer
BRZ: below restricted zone (gradation)

COV: coefficient of variation

DOT: department of transportation
DMRT: Duncan’'s Multiple Range Test
DSR: dynamic shear rheometer

E*/sind: dynamic modulus
ESALs: equivalent single axle loads

FHWA: Federal Highway Administration

F(y): flow number as measured by a repeated load test
F-statistic: test of significance for variances

F(7): flow time as measured by triaxial creep test

G*/sind: the viscous component of the binder shear stiffness, as
measured by AASHTO TP5 and used as a specification
parameter in AASHTO MP1

GDOT: GeorgiaDOT

GIT: Georgialnstitute of Technology

GLWT: GeorgialLoaded Wheel Tester

HMA: hot mix asphalt
HWTD: Hamburg Wheel Tracking Device

LCPC: Labhoratoire Central des Ponts et Chaussées (France's cen-
tral lab for highways)
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LMS: limestone
LWT: Loaded wheel tester

MnRoad: Minnesota Road Research Project

m-value: the rate of change with time of the creep stiffness, S as
measured by AASHTO TP1 and used as a specification
parameter in AASHTO MP 1

NCAT: Nationa Center for Asphalt Technology

NCHRP: Nationa Cooperative Highway Research Program
Neesign: design number of gyrations

NDOT: NevadaDOT

NMAS: nominal maximum aggregate size

PAV: pressure aging vessel as described in AASHTO PP1
PCC: Portland cement concrete
PG: performance grade

QCI/QA: quality control/quality assurance

R2 correlation coefficient

RAP: recycled asphalt pavement; asphalt paving material milled
from existing bituminous pavement, consisting of aggregate
and asphalt binder

RTFO: rolling thin film oven

SBS: styrene-butadiene-styrene polymer
SGC: Superpave Gyratory Compactor
SMA: stone matrix asphalt

SPT: simple performance test

TFHRC: Turner-Fairbank Highway Research Center
TMD: theoretical maximum density

TRB: Transportation Research Board

TRZ: through restricted zone (gradation)




APPENDIX A
LITERATURE REVIEW

Task 1 of the project reviewed the literature for informa-
tion on the state of practice for the Asphalt Pavement Ana-
lyzer (APA) and other loaded wheel testers (LWTS). This
review was to address each LWT’ s suitability for predicting
the rutting potential of hot mix asphalt (HMA) during labo-
ratory mix design and quality control/quality assurance
(QCI/QA) testing. Critical test parameters, limitations, mate-
rial sensitivities, and boundary conditions of the various
LWTswereto beidentified. Additionally, the review was to
be used to identify areas for the APA requiring further eval-
uation and/or standardization to verify or improve its ability
to predict rutting potential.

Theliterature review was conducted to specifically answer
the following questions:

* What are the key test parameters, limitations, material
sensitivities, and boundary conditions used by various
LWTs?

* What are the conclusions and recommendations of
researchers who have evaluated various LWTS, specif-
icaly the suitability of LWTsin predicting rutting?

* What areas need further evaluation and standardizationto
verify or improve the APA’s ability to predict rutting?

The predominant LWTSs found in the literature were the
French LWT, Hamburg LWT, and APA (or Georgia LWT).
However, some references were found that included other
types of LWTs. Additionally, some publications compared
different LWTSs during research. The first section of this
appendix deals with literature on the French Rutting Tester.
The second section reviews information concerning the
Hamburg LWT or modified versions (e.g., the Couch or
Superfos Construction Rut Tester). The third section
describes literature on the APA, including references on the
Georgia LWT. The fourth section describes other LWTs for
which only oneor two referencesare available, aswell asref-
erencesthat may haveinformation that isrelevant to NCHRP
Project 9-17 but do not specifically include LWT testing. The
fifth section provides information on research studies that
compared two or more LWTS.

A.1 FRENCH LOADED WHEEL TESTER

The Laboratoire Central des Ponts et Chaussées (LCPC)
wheel tracker (also known as French Rutting Tester) has been
used in France for over 15 years to evaluate the rutting char-
acteristicsof HMA. Inrecent years, the French Rutting Tester
(FRT) hasbeen used in the United States, most notably by the
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state of Colorado and at the FHWA's Turner Fairbank High-
way Research Center, to evaluate the rutting and stripping
potential of HMA.

The FRT is capable of testing two HMA dabs. Slab dimen-
sions are typicaly 180 mm wide, 500 mm long, and 100 to
200 mm thick. Testing consists of loading a pneumatic tire
inflated to 600 kPawith 5,000 N. Thetire then loads asample
at arate of one cycle per second; each cycleincludesaforward
and backward stroke. A “zero” rut depth is generally defined
by loading a specimen at an ambient temperature for 1,000
cycles. Slab specimens are then heated to between 35 and
60°C for 12 h prior to testing. After temperature conditioning,
dlabs are loaded for 30,000 cycles, which takes about 9 h.

Deformation depths are typically taken after 100; 300;
1,000; 3,000; 10,000; and 30,000 cycles. Deformation is
defined as the average of a series of 15 measurements con-
sisting of 3 measurementstaken across the width of the spec-
imen at five locations aong the length of the beam. Rut cri-
teria are typicaly the average deformation expressed as a
percentage of the original slab thickness.

Nevelt and Thanfold (1) described work that was accom-
plished to evaluate different road structures and asphalt mixes
using the FRT. Road structure indicates the testing of multi-
layer (binder and wearing courses) specimens. Testing con-
ducted in the FRT was similar to the standard method dis-
cussed above except specimenswere preheated for 24 h prior
to testing.

Nevelt and Thanfold presented the results of five testing
programs. For the first program, a motorway from Austria
was used. Cores were extracted from the motorway and
recombined into beams for testing. The selected motorway
was one of the most heavily trafficked in Austria and had
rut depths of 3 mm after 16 months. Results of FRT testing
indicated that rutting was 6 percent after 30,000 cycles.
This was less than the typically recommended 10-percent
maximum for highly trafficked roadways. Therefore, the
authors concluded that for the Austrian motorway, the FRT
accurately predicted that the HMA structure would resist
deformation.

The second test program compared two different road-
ways' structures. Tests were conducted on both the wearing
and binder courses individually for each project and also on
multilayer specimens. Results indicated that the multilayer
testing compared very well with the individual layer testing
for both projects.

The third test program tested base course mixes at differ-
ent test temperatures. Identical mixes were tested at both 50
and 60°C. One of the base course mixes used a polymer-
modified asphalt binder while the other did not. From the
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FRT results, the authors concluded that the polymer-modified
base course mix was | ess susceptible to temperature. The per-
cent rut depths for the base course mix containing the poly-
mer additive were almost identical at both test temperatures
(4.9 and 5.1 percent at 50 and 60°C, respectively), while
there was a difference of 5.3 percent in rut depths for the
unmodified base course mix at the two test temperatures.

Thefourth test program compared two stone matrix asphalt
(SMA) mixes with different mortar (filler, asphalt binder,
and additives) contents. The primary difference in mortars
was the percentage of filler. Results indicated that the FRT
could differentiate among mortars.

The final test program compared four different wearing
course mixes. Two of these mixeswere SMAs, and two were
dense-graded. Resultsindicated that the FRT could differen-
tiate among the four wearing course mixes.

Because of thisreview, the primary experimental variable
that was included within NCHRP Project 9-17 was test tem-
perature. Nevelt and Thanfold showed that identical mixes
tested at 50 and 60°C provided differences in laboratory-
measured rutting.

Aschenbrener (2) presented the results of astudy to corre-
late the FRT to actual pavement performance. The FRT used
in this study tested confined slabs with a length of 500 mm
and width of 180 mm (20 and 7.2 in., respectively). Thick-
nesses of 20 to 100 mm could be tested. L oading conditions
were identical to the standard operating characteristics pre-
sented previously. Prior to testing, each slab was aged at
room temperature for aslong as 7 days prior to obtaining the
“zero” rut depth.

Aschenbrener presented some stress conditions found in
FRT test slabs. Using the pavement analysis program
CHEVPC, the average compressive stress throughout the
thickness of a100-mm slab was 410 kPa (60 psi). Ina50-mm
dlab, the average compressive stress was 550 kPa (80 psi).

Aschenbrener described three different approaches that
could be used to compare FRT results with actua field per-
formance. Thefirst entailed testing newly designed mixesin
the FRT and then placing that mix on a project. The field
project would then be monitored for rutting over time, and
the field results would be compared with laboratory results.
The second approach was to obtain field cores and/or slabs
from projects of known performance for testing. In the third
approach, original raw materialsfrom projects of known per-
formance could be obtained, re-blended in the laboratory,
and tested. Results reported by Aschenbrener were obtained
using the second approach.

Selection of the 33 pavement sections by Aschenbrener
was based upon rutting performance, temperature, and traffic.
Within Colorado, three Superpave high-temperature environ-
ments existed. High-temperature environments were defined
by the highest monthly mean maximum temperatures.

Traffic was characterized by the equivalent daily 18-kip
load applications (EDLAS) instead of equivalent single axle
loads (ESALS). In Colorado’ s experience, apavement can be

performing satisfactorily and then rut almost immediately
within 1 month in ahot summer. Therefore, rut depths do not
increase linearly with cumulative ESALs. Actual traffic
loading at the time the rut depth increases significantly
would be the most desirable value, but Aschenbrener indi-
cated that the information was not available. Additionally,
since rut depths do not generally show significant increases
after this immediate rutting, total ESALSs are not appropri-
ate. Aschenbrener therefore decided that EDLAs provided a
better comparison of relative traffic loadings for each level
of highway analyzed.

Field rut depths were obtained from Colorado’ s network-
level pavement management system. Siteswith high and low
levels of rutting were selected for each of the traffic and tem-
perature classes.

From each pavement selected, three slabs were obtained
for testing in the FRT. One slab was generally tested at 50°C
(122°F), and a second slab was tested at 60°C (140°F). The
third slab was tested at either 40 or 45°C (104 or 113°F) for
pavements from low-temperature sites or 55°C (131°F) for
pavements from moderate- to high-temperature sites.

Results indicated that the 60°C test temperature showed
promise as a “go, no go” criterion for pavements located in
high-temperature locations. However, pavements placed in
moderate-temperature locations were significantly affected
by the actual test temperature in the FRT. By reducing the
test temperature by 10°C, six of the pavements that had good
field performance went from failing to passing while no pave-
ments with poor performance went from failing to passing.
An interesting finding by the author was that correlations
between low-temperature pavements and field performance
were highly variable. However, when the elevation of the
pavement site was taken into account, correlationswere much
stronger.

Table A-1 presents the coefficient of correlation (R?) val-
ues for predicting actual rutting depths with the FRT for dif-
ferent combinations of test temperature and traffic level.
Aschenbrener (2) investigated both the slope of the rutting
curve (B) and the log of the test cycles to failure (C/1,000)
obtained from the FRT data. For each test temperature, the
addition of traffic levelsto the model greatly increased the
correlation between laboratory and field results. Resultsin
Table A-1 do not include testing of pavements from low-
temperature sites because these were not tested at 60°C.

Based upon the research results, Aschenbrener suggested
new “go, no go” specificationsfor the FRT. Heindicated that
test temperatures should match the actual pavement temper-
atures. Therefore, he recommended that 50, 55, and 60°C be
used as test temperatures for the three temperature regions
within Colorado. Interestingly, using these test temperatures,
none of the pavements studied that had poor field perfor-
mance would have been placed in the field. Only 4 of 14
well-performing pavements would have been eliminated.

Thisinformative paper provided several potential variables
for inclusion within NCHRP Project 9-17:
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TABLE A-1 Coefficients of correlation (R?) for predicting actual rutting

depthswith FRT results (2)

Slope (B) L og (C/1,000)
60°C Test Temperature
All Traffic 0.45 0.47
> 400 EDLA 0.67 0.74
<400 EDLA 0.65 0.68
> 250 EDLA 0.61 0.69
<250 EDLA 0.60 0.72
50°C Test Temperature
All Traffic 0.37 0.44
> 400 EDLA 0.52 0.75
<400 EDLA 0.84 0.78
> 250 EDLA 0.47 0.61
<250 EDLA 0.80 0.71
60° or 50°C Test Temperature
All Traffic 0.49 0.35
> 400 EDLA 0.87 0.70
<400 EDLA 0.68 0.48
> 250 EDLA 0.67 0.61
<250 EDLA 0.72 0.38
60° or 55°C Test Temperature
All Traffic 0.45 0.33
> 400 EDLA 0.78 0.76
<400 EDLA 0.70 0.56
> 250 EDLA 0.60 0.63
<250 EDLA 0.72 0.50

* What isthe test temperature?

» What criteria should be used within an APA critical rut
depth specification? This report providestraffic and tem-
peratureaspotential variables. Additionaly, Aschenbrener
suggests that for lower-traffic roadways, the number of
cycles during the test could be reduced.

» How should testing samples be obtained for comparing
laboratory results with field performance?

A.2 HAMBURG WHEEL TRACKING DEVICE

The Hamburg Wheel Tracking Device (HWTD) wasdevel-
oped in Hamburg, Germany. It is used as a specification
requirement for some of the most heavily trafficked roadways
in Germany to measure rutting and stripping. The HWTD test
dlabs are 260 mm wide, 320 mm long, and 40 mm thick. The
HWTD also has the ahility to test field cores. Testing is
accomplished underwater at temperatures ranging from 25 to
70°C, with 50°C (122°F) being the most commonly used
temperature. A 47-mm-wide steel wheel loaded by 705 N

(158 Ib) is used to test samples. Specimens are loaded for
20,000 passes or until 20 mm (0.8 in.) of deformation occurs.
The travel speed of the wheel is approximately 1.2 km/h.

Results from the HWTD consist of arut depth, creep slope,
stripping slope, and stripping inflection point. The creep slope
istheinverse of the deformation ratein the linear region of the
deformation curve after preliminary consolidation and prior to
stripping. The stripping slopeistheinverse of the deformation
rate after stripping has occurred. Stripping inflection point is
defined as the number of passes corresponding to the intersec-
tion of the creep and stripping slopes.

A dlight variation to the HWTD is the Superfos Construc-
tion Rut Tester (SCRT). The SCRT uses slab specimens with
similar dimensions as the HWTD. The primary difference
between the SCRT and HWTD istheloading mechanism. The
SCRT applies an 82.6-kg (180-Ib) vertical load to a solid rub-
ber wheel (instead of to a steel wheel) with a diameter of
194 mm and a width of 46 mm. This loading configuration
resultsin an applied contact pressure of approximately 950 kPa
(140 psi); itisapplied at arate of approximately 2 km/h. Test-
ing is typically conducted at 55°C (131°F). Results from the
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SCRT areidentical to the HWTD and include rut depth, creep
dlope, stripping slope, and stripping inflection point.

Messersmith, Jones, and Wells (3) described the evaluation
of polymer-modified asphalt binders in Alabama with the
SCRT. Slab specimens were tested in the SCRT using a hard
rubber wheel that has an approximate contact pressure of
950 kPa (140 psi) with a contact area of 8.25 cm? (1.28 in.?).
Slab specimens were compacted to approximately 6-percent
air voids and tested at 60°C (140°F). Results of the labora-
tory rutting experiment indicated that the SCRT was able to
differentiate between the different polymer additives.

This paper identified several potential variables for possi-
ble inclusion within NCHRP Project 9-17:

» The contact area of the hard rubber wheel with the slab
specimen; although the contact area was not varied in
this study, different contact areas could produce differ-
ent results; and

» Contact pressure, compactive effort, percent air voids,
and temperature.

Izzo and Tahmoressi (4) presented the results of a study
using the HWTD to (1) evaluate the repeatability of the
HWTD, (2) compare slab and cylindrical specimens, and
(3) evaluate temperature and anti-stripping additives. This
study primarily investigated moisture susceptibility in HMA,
so it is not totally applicable to NCHRP Project 9-17. How-
ever, the authors suggest a new test specimen configuration
for cylindrical specimensthat could be considered in NCHRP
Project 9-17.

The authors compared traditional HWTD slab specimens
to Superpave Gyratory Compactor (SGC) specimens, con-

thickness = 60 mm
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figured as shown in Figure A-1. The cylindrical specimens
are sawed to approximately 25 mm so that they can be “ butt”
up against each other. Results of the comparison study indi-
cated that the magnitude of the stripping inflection point was
different between the traditional slabsand “new” cylindrical
specimens; however, the two sample types did rank the dif-
ferent mixtures in a similar manner. This new sample con-
figuration could be avariable that needs consideration within
the APA when cylindrical samples are used.

Hall and Williams (5) presented the results of a study to
evaluate the effects of specimen type, compaction type, and
sample configuration on LWT results. The LWT used in this
study was a Hamburg-type piece of equipment built by the
Department of Civil Engineering at the University of Arkansas
and was known as the Evaluator of Rutting and Stripping in
Asphalt (ERSA) machine.

ERSA testing was conducted on samples submerged in
water at 50°C (122°F). A 47-mm (1.9-in.) wide steel wheel
loaded specimens with 705 N (160 Ib) for 20,000 cycles or a
20-mm rut depth, whichever occurred first. Hall and Williams
test matrix included cylindrical and beam samples cut from
newly compacted HMA pavements and SGC samples com-
pacted from companion loose mixture.

Field dabs with 600 mm x 600 mm (24 x 24 in.) dimen-
sionswere cut from pavementsto produce four 150 mm x 300
mm (6 x 12in.) beams. Plaster was then used to produce spec-
imens 380 mm long x 300 mm wide x 175 mm thick (15 x
12 x 7in.) dimensionsfor testing. Field cores (150 mm) were
also cut from the pavements for testing. Gyratory specimens
(150 mm) were compacted from loose plant mix to between
6- and 8-percent air voids.

“acrylic” sheet

287.5 40 150 5o 40
<
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Figure A-1. Top view of Superpave Gyratory Compactor specimen

configuration for the HWTD (4).



Severa different analyses were conducted by the authors.
First, the effect of specimen type was investigated using the
field-cut beams and cores. Only field-cut specimens were
included in the analysis so that compaction method was not
avariable. Results of thisanalysis showed that for all surface
mixestested, no statistical differencewasfound in rut depths
between the two sample types. Hall and Williams did stipu-
late that these results represent specimens compacted in the
same manner to the sameair void content and taken from the
same location in the pavement.

The next analysiswasto evaluate the effect of compaction
method. For this analysis, the authors lumped the field-cut
beams and cores into one category called field compaction
and compared results with gyratory-compacted samples.
Results indicated that rut depths for the field- and gyratory-
compacted specimens were significantly different. Field-
compacted specimens exhibited larger rut depthsthan did the
laboratory-compacted specimens.

Thefinal analysiswas conducted to determine whether the
effect of sawing aflat surface on cylindrical specimens (sim-
ilar to Figure A-1) so that the specimens could be butted
against each other provided significantly different results
when compared with the normal separated testing configura-
tion. This analysis was only conducted on gyratory speci-
mens. Resultsindicated that no differences occurred between
the standard sample configuration (separated) and the sample
configuration with sawed surfacesthat butt against each other.
However, the authors did note that significant differences did
occur in the stripping susceptibility of the two configurations.

The following variable was identified for possible inclu-
sion within NCHRP Project 9-17:

* When comparing laboratory rut depths with field rut
depths, should APA testing be conducted on field-
compacted specimens or laboratory-compacted speci-
mens?

A.3 APA

The initial version of the APA (then called the Georgia
LWT) was devel oped in 1985 through a partnership between
the GeorgiaDOT (GDOT) and the Georgialnstitute of Tech-
nology. The Georgia LWT, originally designed to test slurry
seals, was modified to perform efficient, effective, and rou-
tine laboratory testing and field production quality control
of HMA. The Georgia LWT has been used by GDOT and
approximately 10 other state DOTs for determining the
expected performance of their laboratory-designed HMA
mixtures with regards to rutting resistance.

The Georgia LWT is capable of testing beam or cylindri-
cal specimens. Beams are typically 125 mm wide, 300 mm
long, and 75 mm thick. Cylindrical specimens are typically
150 mm in diameter and 75 mm thick. Loads are applied to
test specimensthrough awheel onto apneumatic hose, which
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rests on top of the test specimen. A wheel load of 445 N
(100 Ib) and a hose pressure of 690 kPa (100 psi) are com-
mon. Test temperatures normally range from 40 to 60°C.
Testing is generally conducted to 8,000 cycles.

The APA isthe second-generation commercial version of
the Georgia LWT. The APA has additional featuresto allow
the machine to evaluate not only the rutting potential of
mixes, but also their moisture susceptibility and fatigue crack-
ing under service conditions. The APA follows the same rut-
testing procedure used for the Georgia LWT.

Lai (6) documented the development of the LWT that later
became known asthe GeorgiaLWT (GLWT). The study was
conducted to (1) develop a simple apparatus to predict rut-
susceptible mixes, (2) evaluate rut-prediction capability of
the developed apparatus, and (3) compare results from the
developed apparatus with results from creep and repeated
load triaxial tests.

The test program consisted of developing the apparatus,
preparing samples for testing, testing the samples using a
devel oped test procedure, and conducting comparison testing
with creep and repeated load triaxial tests. An existing LWT
aready located in the GDOT Materials Testing Laboratory
and used to test slurry sealswasthe basisfor the GLWT. To
enhance the rut-predicting capabilities of this apparatus, sev-
eral modifications were made.

First, a76-mm (3-in.) linear hose and an aluminum wheel
combination replaced a 203-mm (8-in.) diameter aluminum
wheel with a 25-mm (1-in.) diameter hose wrapped around
it. Thiswasdone because the original a uminum wheel tended
to skid near the ends of the samples. The linear hose aso
seemed to show less wear and could be easily replaced. The
second modification wasto adapt the slurry seal testing appa-
ratus to accommodate 76 mm x 76 mm x 380 mm (3 in. x
3in. x 15in.) beams of HMA. The next task wasto devise a
method for measuring rut depths. This was accomplished by
developing atemplate that contained seven slots and fit over
the sample mold. A micrometer was then used to obtain mea-
surements prior to and then after testing. Differences between
these measurements were defined as rut depth. The third
modification was to strengthen the mounting tableto provide
a stable base during testing.

In order to evaluate the ability of the apparatus to predict
rut-susceptible mixes, Lai used four mixes from Georgia
with known field rut performance. Three of these four mixes
had shown atendency to rut in thefield. Both cylindrical and
beam samples were used in the evaluation. A “loaded foot”
kneading compactor was used to compact both specimen
types. Cylindrical samples were compacted by “ spooning”
hot mixture into the mold as the loaded foot assembly was
compacting the mixture. Beam samples were compacted in
three equal lifts. A dliding rack was needed for the beams
because the kneading compactor was stationary. As each
layer was placed into the beam mold, the mold was moved as
the loaded foot compacted. After all three layers were com-
pacted, aloading plate was placed onto the top of the beam
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and statically loaded until the appropriate height of 76 mm
was achieved.

The test procedure used by Lai entailed preheating sam-
ples to 35°C (95°F) within an air-tight room for 24 h. This
room was built to maintain 35°C, and the LWT was located
within this room. Prior to testing, the rut profile of the beam
sample was determined with the template and micrometer.

La performed an experiment using two linear hose pres-
sures and three applied wheel 10ads. Pressures used were 689
and 517 kPa (100 and 75 psi), and wheel loadswere 445, 334,
and 222 N (100, 75, and 50 Ib). Wheel loads were applied by
placing steel plates into a weight holding box located above
the wheel. To characterize rutting, the author measured rut
depths at 0; 40; 100; 400; 1,000; and 4,000 cycles. Onecycle
equaled a forward and backward pass of the loaded wheel
over the linear hose. During the discussion of the develop-
ment of the equipment, Lai indicated that the loaded wheel
was operating at approximately 44 cycles per minute.

Results of the testing showed that all samples had similar
symmetrical rutting profiles transversely across the sample
tops. Thisindicated that rutting was only taking place under-
neath the linear hose. However, the longitudinal profile
showed uneven rutting. Rut depths on the beam nearest the
pivot of the reciprocating arm with the wheel were highest.
This was attributed to the downward shoving action of the
arm when pushing thewheel forward. Lai therefore averaged
rut depths along the middle portion of all specimens.

Aswould be expected, rut depthsincreased as the number
of cycles increased. Also, the higher wheel load and higher
hose pressure generally resulted in more severe rutting (see
Figure A-2). At thelowest wheel |oad and pressure, the effect
of mix type was almost indistinguishable.

When comparisons were made between the results of the
developed LWT and results of creep and repeated load triax-
ial testing, Lai gavethe opinion that the LWT seemed to pre-
dict rutting more in line with what was found in the field.

Based upon the research performed in this study, Lai con-
cluded that the developed LWT wasrelatively simpleto per-
form and that the results obtained had the potential for being
ableto assesstherutting characteristics of asphalt mixes. Lai
further recommended that several modifications be made to
the developed LWT:

1. Modify thereciprocating arm to alleviate the excessive
rutting at the end of the beam samples,

Replace the linear hose with a pneumatic tire (bicycle
type);

Develop a better device to measure rut depths; and
Include an environmental chamber to maintain speci-
men temperature.

This report was of significant historical importance because
it wasthe beginning of what isnow known asthe GLWT and,
subsequently, asthe APA. Important factors or variables for
the possible inclusion within NCHRP Project 9-17 include
the following:

* What combination of wheel load and hose pressure
should be used to best predict the rutting potential of
HMA mixtures?

» What method of compaction should be used for samples?

* What specimen geometry should be used—beam or
cylindrical?

Wheel Load and Hose Pressure
®445 N/ 689 kPa m334 N/ 517 kPa A 334 N /689 kPa @222 N /517 kPa
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Figure A-2. Lai’stest results for Mix A (6).



* What comparison tests should be included? (Lai used
creep and repeated load triaxial tests.)

Lai (7) documented a study conducted to evaluate GDOT
“B” type mixes and six different modified mixes. These six
modified mixes used different minera fillers common in
Georgia. Also, one mix used an asphalt binder modified with
6-percent polymer.

Preparation of beam specimens was similar to the previous
paper (6) in that aloaded-foot kneading compactor was used.
Testing conditionsincluded atest temperature of 35°C (95°F),
wheel load of 445 N (100 Ib), hose pressure of 689 kPa (100
psi), and load frequency of 22 cycles per minute—a substan-
tial change from that used previously by Lai (6). Rut depth
measurementswere obtained at 0; 200; 500; 1,000; and 2,000
cycles. However, some mixtures were left in the GLWT for
as many as 10,000 cycles.

Results of this study provided information to GDOT asto
which HMA mixes (or modifiers) showed less potential for
rutting. In the recommendations, Lai did mention several
deficiencies pertaining to the GLWT test method used for
this study. The author mentioned sample size, sample con-
finement, test temperature, and method of sample prepara-
tion as needing more research. The GDOT B mix from Lai’s
July 1996 paper (7) used larger aggregatesthan did the mixes
used in the initial research on the GLWT (6). Also, because
of the larger aggregates, sample preparation was more diffi-
cult. Beams used in this study were 75 mm x 75 mm x 380
mm, and the author indicated that because of the larger
aggregate sizes, the coarse aggregate particles in the beam
developed an interlocking action in combination with the
confinement of the beam molds preventing plastic deforma-
tion and lateral shoving of the mix.

Several variablesidentified by Lai in hisrecommendations
were considered in NCHRP Project 9-17:

* What is the proper sample size? Lai indicated that for
mixes containing larger aggregates, the beam sample size
should beincreased. If thisis correct, can the beam dimen-
sions be decreased for mixeswith smaller aggregates?

* What is the proper test temperature? Lai mentioned that
test temperature should beinvestigated further. He did not
elaborate what test temperatures should be investigated,
but did point out the importance of test temperature.

* What boundary conditionsexist inthe GLWT (or APA)?
Similar to proper sample size, what dimensions are
needed to best simulate mix behavior in the field?

» What method of sample preparation should be used? For
this study, samples were conditioned for 24 h at test
temperature.

Lai (8) presented theresults of astudy to evaluatethe effect
of varying both the maximum nominal aggregate size and the
fine aggregate portion of a gradation on rutting potential.
Maximum aggregate sizes of 19.0 to 37.5 mm (34 to 1*/2in.)
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were investigated. Percentages of aggregate passing the
2.36-mm (No. 8) sieve ranged from 22 to 38 percent. Prepa-
ration of the beam sampleswas similar to procedures used in
Lai’s earlier work (6, 7). Testing conditions included a test
temperature of 40.6°C (105°F), awheel load of 445N (100 1b),
ahose pressure of 689 kPa (100 psi), and afrequency of load-
ing of 22 cycles per minute. Rut depths were measured after
0; 200; 500; 1,000; 2,000; 3,000; 4,000; 5,000; 6,000; 7,000;
and 8,000 cycles.

Results of the study provided information on which com-
binations of maximum aggregate size and fine aggregate pro-
portion reduced rutting potential. Interestingly, mixes using
an aggregate source with a relatively higher percentage of
elongated particles showed the highest potential for rutting.

During testing, Lai noted some problemsin manually mesa-
suring rut depths. Instances occurred in which coarse aggre-
gates were immediately underlying the template’s groove.
This led to some rut depth measurements that were lower
than expected; the author disregarded these readings and
averaged the remaining rut depths.

Several potential variableswereidentified from thisreport
for the possible inclusion within NCHRP Project 9-17:

 Lal increased the test temperature over previous studies
(6, 7). The question then arises as to which test temper-
atureis most correct.

» Based upon the problems with measuring rut depths
with the manual template, the best method of measuring
rut depths could be evaluated.

+ Within therecommendations of thereport, Lai indicated
that mixtures containing larger aggregate sizes should
be evaluated further. The main concernindicated by Lai
wasthetest sample sizeinrelation to the aggregate size.

Lai (9) conducted an investigation for GDOT to further
modify and improve the GLWT and its sample preparation
method. Also, a standardized test procedure was devel oped.
Primary improvements or modifications to the GLWT noted
in this report included the addition of an environmental
chamber to make the equipment self-contained and the devel-
opment of a preheating box for preconditioning samples.
Additional improvements included the addition of a load
cycle counter, improved safety measures, and a rut profile—
measuring template.

An interesting experiment described was the eval uation of
linear hoseswith different “stiffness.” In Lai’ s previous stud-
ies(6, 7, 8), aflexible-type rubber hose was used. The author
surmised that a stiffer hose could affect test results. To eval-
uate this effect, imprints of contact areas were compared for
the original-type linear hose and for a stiffer linear hose at
two different wheel loads (see Figure A-3). From the
imprints, he concluded that the stiffness of the linear hose
could significantly influence rut depths. However, no quan-
titative comparisons were made.
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(A) Flexible Hose, 222 N

M

(B) Flexible Hose, 445 N

(C) Rigid Hose, 222 N

(D) Rigid Hose, 445 N
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Figure A-3.
hose pressure (9).

Also included in this report was a modified testing proce-
dure based upon theimprovementsto the GLWT and thelim-
ited studies. In this procedure, samples were preheated for
6 h in a preheating box to ensure they were heated to the
proper temperature. With the new cycle counter, the GLWT
would automatically stop running when the desired number
of cycleswasreached. Finally, the rutting profile of samples
was measured using a new template.

Variables identified by this report for possible inclusion
within NCHRP Project 9-17 included the following:

* What type of linear hose should be standardized? A
stiffer or larger hose than is currently used in the APA
might better predict rutting potential.

* How long should samples be preheated? Lai indicated
that 6 h in the preheating box was sufficient.

West, Page, and Murphy (10) summarized a Florida DOT
(FDOT) study performed to (1) verify that the GLWT can be
used to predict actual field performance, (2) compare GLWT
results with Marshall properties and with gyratory shear prop-
erties using the U.S. Army Corps of Engineer's Gyratory
Testing Machine, and (3) evaluate the potential of the GLWT
to be used as a “proof test” during mix designs.

Laboratory testing for this project consisted of reproduc-
ing mixtures to match particular in-place properties from

Imprints of the rubber hose with the beam sample, 689 kPa

three field projects with known rutting performance. One
mix had avery good rutting performance history, one a poor
history, and the third amoderate history. Aggregates used for
the study were obtained from original sources. Gradations
were based on aggregate cores from the three projects. A
standard FDOT AC-20 was used in all mixtures as the orig-
inal asphalt binders were not available.

Compaction of beam sampleswas accomplished by loading
across the top of the beam to 267 kN (60,000 |b), then releas-
ing the load four times. On the fifth application, the 267-kN
load was held for 6 min. The compacted beamswere allowed
to cure at room temperature for 7 days prior to testing. After
curing, a conditioning time of 24 h at 40.6°C (105°F) was
used. GWLT test conditions were ahose pressure of 690 kPa
(100 psi), awheel load of 543 N (122 |b), and a test temper-
ature of 40.6°C (105°F). Rut depths were obtained at 0;
1,000; 4,000; and 8,000 cycles at seven locations across the
top of the beams using the template developed by Lai (6).

After testing the beams, West, Page, and Murphy (10) noted
that rut depth measurements were not consistent across the
beam surface. They suggested that the rut depth should be an
average of the three center rut depth measurements of the
template. More variability existed in rut depth measurements
obtained from the outside measuring locations.

The authors concluded that there was a good correlation
between the rutting predicted by the GLWT and the actual rut-



ting performance of the mixtures. Compared with Marshall
properties, the GLWT provided a better estimate of rutting
potential. The authors al so suggested that rut depths measured
after 1,000 cycles may be used to differentiate the rutting
potential of mixtures instead of carrying out the test to 8,000
cycles.

The authors also noted possible drawbacks to the GLWT
that may also be applicableto the APA. Thefirst arethe scale
effects: the small contact areaprovided by the linear hose and
beam samplesrelative to the size of aggregates within amix-
tureis not representative of contact areas of tires on highway
pavements. The second is uniformity of loadings. the authors
surmised that because of the variability in rut depths at the
outside measuring locations, the load applied by the linear
hose and wheel may not be uniform. Finally, the method of
compacting beam samples used during this study may not
adequately simulate compaction of pavements in the field.
Thiscould affect the aggregate particle alignment and homo-
geneity of density and will, in turn, affect rutting potential.

Variables identified by this report for possible inclusion
within NCHRP Project 9-17 included the following:

* What diameter linear hose should be used? The authors
noted that the contact area of the linear hose relative to
aggregate sizesis not representative of field conditions.

« Evaluation of rut depth variability across specimens: for
acceptance criteria, should rut depths be averaged from
the center portion of the specimen or should al mea
surements be averaged?

» How should specimens be compacted?

* What test temperature should be employed?

+ Should specimens be conditioned prior to testing? If so,
for how long and at what temperature?

 Should tests be conducted to 8,000 cycles, or are 1,000
cycles sufficient to differentiate between mixtures?

Lai (11) presented the results of a round-robin study con-
ducted to evaluate the GDOT standard test procedure for the
GLWT. Results of thisround-robin study provided between-
laboratory and within-laboratory statistics for both the com-
paction of beams (bulk density) and measured rut depths.

For the round-robin study, beams were compacted using a
compression machine. The procedure included heating pre-
batched aggregates to 193°C (380°F). Asphalt binder heated
to 165.5°C (350°F) wasthen added to the aggregates, and the
combined constituents were mixed. Mixture compaction
temperature was 149°C to 154°C. Heated mixture was then
placed into 75 mm x 75 mm x 375 mm (3in. x 3in. x 15in.)
beam molds, spread, and spaded until the entire mixture was
introduced. Compaction consisted of placing a steel plate
over the top of the mixture and applying acompressive load.
The actual compressive load was not reported; however, itis
assumed that the compressive load was applied until a spec-
imen achieved the appropriate height of 75 mm.
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GLWT testing was conducted using atest temperature of
40.5°C (105°F) and a hose pressure of 689 kPa (100 psi).
Although not reported, it is assumed that a wheel load of
445 N (100 Ib) was also used. The loaded wheel tracked on
the pressurized hose at arate of 45 cycles per minute, and
rut depths were measured at 0; 500; 1,000; 4,000; and 8,000
cycles.

Standard deviations for the beam densities within and
between laboratories were 7.6 and 33.9 kg/m?, respectively.
An average bulk density of 2336 kg/m? was reported. The
standard deviation on measured rut depths within the labora-
tory at 8,000 cycles was 0.4 mm with a mean rut depth of
3.4 mm. The between-laboratory standard deviation on
measured rut depths was 1.28 mm. The poor reproducibility
between laboratories was judged to be caused by the large
deviationsin the beam bulk densities.

This paper also presented another possible reason for the
variation in rut depth measurements. One of the participating
laboratories determined the temperature within the GLWT at
the beginning of each test and the temperature at the end of
thetest. Based on aweighted average of temperatures, therut
depths seemed to decrease as the weighted average tempera-
ture decreased (see Table A-2).

Variables identified from this paper for possible investi-
gation in NCHRP Project 9-17 included the following:

* What method of compacting test specimens should be
employed? The method of compaction for this study
was acompressive load. Other studies have used differ-
ent methods of compaction.

* What isthe variability in test parameters during opera-
tion? From this study, variations in temperature were
identified.

Lai and Shami (12) described the development of a com-
paction device that was incorporated in GDOT’ stest proce-
dure GDT-115: Method of Test for Determining Rutting
Susceptibility Using the Loaded Wheel Tester. The paper
reviewed alternative methods of compacting beam specimens
for testing in LWTs. Methods such as the kneading com-
paction, static compaction, and French sample compaction
method are discussed. Lai and Shami then discussed the
development of the rolling compaction machine. They con-

TABLE A-2 Rut depth versusweighted test
temperatures (11)

Test No. Weighted Temp, °C Rut-Depth (cm) @
8,000 Cycles
Test 1 435 0.343
Test 6 24 0.366
Test 3 40.9 0.368
Test 2 40.2 0.323
Test4 39.1 0.274
Test 5 37.7 0.216
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cluded that the rolling compaction machinewas easier to use,
fabricated beam samples with uniform and controllable den-
sities, and slightly improved the productivity of producing
beam samples over the static compaction method.

Collins, Watson, and Campbell (13) provided a general
overview of the development of the GLWT. It included
information from several in-house studies conducted by
GDOT that were not previously published. One study evalu-
ated the effects of increased temperature, load, and grade of
asphalt binder on GLWT results. Three grades of asphalt
binder (AC-10, AC-20, and AC-30), two test temperatures
(40.6 and 50°C or 105 and 122°F), and two hose pressures
(690 and 827 kPa or 100 and 120 psi) were used. Results
showed that all three factors affected measured rut depths,
with the test temperature having the most pronounced effect.
The authorsindicated that increasesin tire pressures (or hose
pressures) have a direct effect on pavement rutting, but not
as much asincreases in pavement (or test) temperature.

Another in-house study compared asphalt binders (AC-20s
and AC-30s) commonly used in Georgia. Test temperatures
of 40.6 and 50°C were used in this study. GDOT had the
National Center for Asphalt Technology (NCAT) perform
Superpave binder gradings for each binder. All graded as
PG 64-22. Interestingly, the GLWT results agreed with those
of dynamic shear rheometer testing on rolling thin film
oven—aged binders. As G*/sind values increased (indicating
increased binder stiffness), the measured rut depths generally
decreased.

Another in-house study included an experiment to com-
pare SMA with conventional dense-graded mixtures using
the GLWT. Results of this study indicated that SMA exhib-
ited approximately half the measured rut depths as the con-
ventional dense-graded mixes.

Potential variables brought out by this paper included the
following:

* What test temperature should be specified? The authors
used test temperatures that were in excess of the aver-
age summer air temperatures, as La had done previ-
oudly (35°C). Using the higher temperature (50°C), the
GLWT was ableto differentiate between mixtures. Also
the authors indicated that temperature may play amore
important role in the GLWT than does hose pressure.

* What hose pressure should be specified? Again, the
increased hose pressure of 827 kPa was able to differ-
entiate between mixes.

Miller, Ksaibati, and Farrar (14) described aresearch study
that evaluated the ability of the GLWT to predict rutting of
HMA pavements. Cores having a 150-mm (6-in.) diameter
were obtained from several test sites throughout Wyoming,
aswell asfield rut depths and traffic data, and rut tests were
preformed with the GLWT on the cores.

Thefirst step in the study was to modify the GLWT to test
150-mm-diameter cores. In order to eval uate whether the mod-

ified device would work, the authors performed a repeatabil -
ity experiment. Twenty-two identical laboratory-prepared
cylindrical specimens were fabricated with acombination of
kneading and static compaction efforts and then tested at
46.1°C (115°F) to 8,000 cycles. From the experiment, Miller,
Ksaibati, and Farrar concluded that the repeatability of the
modified GLWT was acceptable.

Next, the authors obtained cores from 13 pavement sec-
tionsthroughout Wyoming. The sectionswere sel ected based
upon geographic location and field rut performance. For each
pavement section, field rut depths, pavement ages, project
elevations, EDLAS, highest monthly mean temperature, and
type of surface coursetreatment wereall obtained. Three cores
from each pavement section were taken from between the
wheel paths. Each core was cut to a height of 80 mm.

Coresweretested at both 40.6 and 46.1°C (105 and 115°F).
After testing, the authors made an effort to correlate rut test
results with actual field rutting using numerous regression
models. However, correlations were not strong. Therefore,
the authors split the data into two different categories.

The first category was based upon the elevation of the
pavement sections. Using the regression analysis containing
pavement sections at elevations between 1,158 and 1,676 m
(3,800 and 5,500 ft), an R?value of 92.6 was achieved. Inde-
pendent variables in the equation were the average rut depth
after 8,000 cyclesin the GLWT at 46.1°C and the height of
the field core tested. (The use of core height is interesting
because the authorsindicated in the paper that each core was
cut to a height of 80 mm. However, data presented in the
paper indicated that core heights ranged from 71 to 84 mm.)
A similar regression analysis was aso performed on pave-
ment sections at elevations between 1,676 and 2,316 m (5,500
and 7,600 ft). This regression analysis produced an R? value
of 91.9 with independent variables as the average rut depth
after 8,000 cycles at 46.1°C and the center laboratory rut
depth after 8,000 cycles at 46.1°C where the center labora-
tory rut depth was presumably the rut depth at the center of
the core specimen.

The second category used for analysiswasthe existence of
a surface treatment on the cores. Surface treatment was
defined as either a wearing course (assumed a dense-graded
mix) or chip seal. For cores without surface treatments, the
regression analysis yielded an R? value of 97.3. Independent
variablesincluded in this analysis were the average rut depth
after 8,000 cycles at 46.1°C and the height of the field core.
Theregression analysisfor the cores with surface treatments
produced an R? of 93.4 with independent variables of the
average rut depth after 8,000 cycles at 46.1°C and the center
rut depth after 8,000 cycles at 46.1°C.

From this study, Miller, Ksaibati, and Farrar concluded
that the GLWT can be used to test pavement coresinstead of
beams because the repeatability was acceptable. Rut depths
in the GLWT when tested at 40.6°C did not correlate well
with field rut depths, but the rut depths for specimens tested
at 46.1°C did show correlation with field performance when



factors such as elevation and surface treatment were taken
into account.

This study raised several questions that could be incorpo-
rated into NCHRP Project 9-17 as test variables, including
the following:

* What test temperature should be used in the test proce-
dure? The authors concluded that the higher test tem-
perature of 46.1°C showed more promise for predicting
field performance.

* One of the primary objectives of NCHRP Project 9-17
is to determine whether the APA can predict field per-
formance. This paper identifies several pieces of infor-
mation that should be obtained from field pavement sec-
tions used in NCHRP Project 9-17 such as elevation,
traffic (EDLAS), age of pavement, geographic locations,
highest monthly mean temperature, and type of surface
treatment.

* Where should rut depth measurements be obtained on a
sample in the APA? Rut depth measurements obtained
from the center of samples did show significancein some
of the regression analysis.

* In order to compare laboratory rutting and field rutting,
should NCHRP Project 9-17 use field cut slabs/cores
versus beams/cylinders fabricated using original mate-
rials from various projects?

+ Can different specimen heights be specified?

Collins, Shami, and Lai (15) presented the results of a
study to evaluate the use of samples compacted with the SGC
inthe GLWT. Test specimens used inthe GLWT prior tothis
study were predominantly beams. Therefore, the primary
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modificationsto the testing method for SGC cylindrical spec-
imens consisted of developing aholder in which the samples
could reside during testing.

Thefirst sample holder evaluated was an aluminum block
into which two 150-mm-diameter holeswere cut. Thisholder
was not used because of problems extruding samples after
testing (especialy at higher test temperatures). The second
design was a high-density polyethylene holder that was split
down the middle. After testing, the two sides of the holder
could be separated to remove the sample. This second type
was selected.

The test plan for this study was designed to evaluate
whether rut depths measured from the SGC-compacted spec-
imens compared with beam samples. Three mixture types
were included in this comparison, each with different per-
ceived rutting susceptibility based upon experience. SGC
samples were compacted to air void contents of 2, 4.5, and
7 percent. The specimens were compacted by adjusting the
number of gyrations to achieve a height of 75 mm and the
desired air void content. Beam samples were compacted to
4-, 4.5-, and 5-percent air voids using a rolling wheel com-
pactor. Testing was conducted for the different samplesat 40°,
50°, and 60°C. An applied wheel load of 445 N (100 Ib) and
hose pressure of 689 kPa (100 psi) were used for all testing.

Results of the study indicated that the samples compacted
with the SGC correlated well with the standard beam samples
(see Figure A-4). Additionally, results indicated that air void
contents of the samples and the test temperature also influ-
enced final rut depths. Asair voids and temperature increased,
so did rut depths.

This paper identified several possible variables to be
included within NCHRP Project 9-17:
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Figure A-4.  Rut depth versus air voids of beam samples and gyratory samples (15).
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At what air void content should specimens be tested?
What test temperature should be used during testing?

* What compaction method should be employed?

« If SGC samples are acceptable, what methodology
should be recommended in a standard specification to
compact the samples? Compaction of SGC samplesin
this study was conducted by adjusting the number of
gyrations to obtain the required height and density.
Some have set the required height and adjusted the mix-
ture massto obtain the required density while othershave
compacted norma SGC mix design samples (115 mm)
and cut the samples to a height of 75 mm.

Aninterna GDOT memorandum by Wu (16) describes an
evaluation of average contact pressures applied by the linear
hose in both the GLWT and APA. The author describes sev-
eral methods of measuring contact pressures, such astriaxial
load pin array, pressure-sensing film, and carbon paper. Inone
experiment, contact pressures measured using the pressure-
sensing film and carbon paper were compared. The author
concluded that the carbon paper method proved consistent

with the pressure-sensing film and therefore sel ected the car-
bon paper to conduct an additional experiment.

The second experiment consisted of evaluating the average
contact areas for various wheel |oad/hose pressure combina-
tions. Wheel loadsfrom 359 to 534 N (80 to 120 Ib) and hose
pressures from 552 to 827 kPa (80 t0120 psi) were eval uated.
From the results of this experiment, Wu concluded that aver-
age contact pressuresin both the GLWT and APA are not sen-
sitive to load or hose pressure as long as the wheel load is
between 400 and 489 N (90 and 110 Ib) and the hose pressure
is between 621 and 758 kPa (90 and 110 psi). Thiswas based
on similar contact areas (and therefore contact pressures)
under these conditions. Wu also concluded that contact pres-
suresin the GLWT were higher than those in the APA under
similar hose pressure and wheel loadings (see Tables A-3 and
A-4). Based upon the findings of this report, the contact pres-
sure applied to asample, whether beam or cylindrical, should
be examined within NCHRP Project 9-17.

Shami et al. (17) described a study to devel op amethod of
predicting rut depth values of an HMA mix with the GLWT
for different temperatures and number of loading cycles. For

TABLE A-3 ASTEC APA (contact area and pressure data) (16)

Hose Pressure (kPa) Contact Area (cm?) Contact Pressure (kPa)
Load =356 N 552 6.13 579
621 6.13 579
689 6.00 592
758 6.00 592
827 5.81 613
Load = 400 N 552 6.32 633
621 6.13 655
689 6.13 655
758 6.00 668
827 6.00 668
Load = 445N 552 6.77 655
621 6.64 668
689 6.45 689
758 6.45 689
827 6.32 703
Load = 489 N 552 7.29 688
621 7.10 689
689 6.97 703
758 6.97 703
827 6.97 723
Load =534 N 552 7.93 675
621 7.61 703
689 7.42 717
758 7.42 717
827 7.29 730
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TABLE A-4 GWLT (contact area and pressure data) (16)

Hose Pressure (kPa) Contact Area (cm?) Contact Pressure (kPa)
Load = 356 N 552 5.35 661
621 5.16 689
689 5.03 710
758 4.84 737
827 4.84 737
Load = 400 N 552 5.68 703
621 5.48 730
689 5.48 730
758 5.35 744
827 5.16 779
Load = 445N 552 6.13 723
621 6.00 744
689 6.00 744
758 5.81 765
827 5.68 785
Load = 489 N 552 6.64 737
621 6.45 758
689 6.45 758
758 6.13 799
827 6.00 813
Load =534 N 552 6.97 765
621 6.64 806
689 6.00 889
758 5.81 916
827 5.81 916

this study, atotal of seven different mixtures were included:
five dense-graded and two SMA mixtures. All seven used the
same neat AC-30 asphalt binder. Beam samples (125 mm x
300 mm x 75 mm) were compacted to 3- to 5-percent air
voids using arolling wheel compaction machine. Rut tests
were conducted at temperatures of 40, 50, and 60°C (104,
122, and 140°F) for three of the mixes and 40 and 60°C for
the remaining four mixtures. The applied wheel load was 445
N (2100 Ib) and the hose pressure was 689 kPa (100 psi). Rut
depth measurements were obtained at 0; 1,000; 2,000; 4,000;
and 8,000 cycles. The test temperature of 40°C was selected
because of the then GDOT test procedure for the GLWT,
which represented atypical high air temperature in Georgia.
A 60°C test temperature was selected because it represented
a high pavement temperature during summer in Georgia.

Results of the rut testing were regressed to obtain best fits
for the data. The resulting equation (Equation A.1) allowed
for predicting rut depths at various test temperatures, the
number of cycles, or both. Shami et al. reported very good
correlations (R? from 87 to 90 percent) using the following
regression equation:

(A.2)

R = predicted rut depth;
R, = referencerut depth obtained from the LWT test at
the reference conditions T, and N,
T, N = temperature and number of load cycles at which
the rut depth is measured;
T, N, = reference temperature and load cycles at the R;;
and
a, B = statistically determined coefficients.

Shami et al. identified two major potential uses for the
temperature effect model. First, the testing time for the APA
could be reduced for acceptance testing. By testing to 1,000
cycles and predicting rut depths to 8,000 cycles, testing time
could be reduced by approximately 2 h. Secondly, the rutting
behavior of aparticular mix could be predicted for different
service conditions and pavement temperatures.
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This paper also provides some possible factors for the
NCHRP Project 9-17 study:

* What test temperature should be used? The authors dis-
cussed both air and pavement temperaturesfor selection
of atest temperature.

» What terminal number of cyclesis needed?

 This paper brings out an interesting possibility for the
field acceptance of HMA mix. By testing at a higher
temperature and a fewer number of cycles, a similar
temperature effect model may reduce testing time sig-
nificantly, thereby increasing the potential for QC/QA
applications.

A 1998 Missouri DOT report (18) documented a study to
evaluate the rutting characteristics of HMA mixes used on
high-traffic-volume roadways. The research was conducted
to determine whether the GLWT could be used as a labora-
tory proof test to identify rutting potential. Within the study,
the researchers used 40 conventional dense-graded mixtures
that were designed using 75 blows of the Marshall hammer,
9 SMA mixesdesigned by 50 blows of the Marshall hammer,
and 14 Superpave-designed mixes.

For testing in the GLWT, the dense-graded and SMA
mixes were compacted with the Georgia Rolling Wheel Com-
pactor while the Superpave mixtures were compacted with
the SGC. (Target air voids were not reported; however, within
an appendix, air void contents for the conventional dense-
graded mixtures ranged from 3.8 to 4.8 percent, whilethe air
void contents for the SMA mixesranged from 4.1 to 4.5 per-
cent. No air void contents were provided for the Superpave
gyratory specimens.)

Two test temperatures were used for the dense-graded and
SMA mixes: 40 and 60°C (104 and 140°F). The lower tem-
perature is that which is called for in the GDOT test method
GDT-115 used at the time of this study; the higher tempera-
ture is that which is determined by the Strategic Highway
Research Program (SHRP) Superpave pavement temperature
model. This model suggested that pavement temperatures
during hot summer days in Missouri were in the range of 60
to 70°C. These samples were subjected to 8,000 cycles. The
Superpave designed mixes were subjected to a more severe
test. The compacted specimens were first vacuum saturated;
this was followed by one freeze-thaw cycle and one warm-
water soaking cycle. The specimenswere then tested at 60°C
for 20,000 cycles. This was done to investigate rutting and
stripping potential. The data were analyzed similar to the
Hamburg LWT in that the post compaction consolidation,
creep and stripping slopes, and the stripping inflection point
were all determined.

With the test results, the researchers compared rut depths
with various mixture properties. For the two dense-graded mix
types (75-blow Marshall and Superpave), increases in natural
sand content resulted in higher rut depths. Also, as the per-

centage of aggregate passing the No. 50 sieve increased, the
data indicated decreasing rutting potential. Similarly, as the
percentage of aggregate passing the No. 100 sieve increased,
rutting potential aso decreased. Sincedifferent asphalt binders
were used in each type mixture, the researchers evaluated rut
depths versus G*/sind. The data indicated that as G*/sind
increased, rutting potential decreased. Testing conducted
on binder mixes (larger nominal maximum aggregate size
[NMAS] mixtures, 100 percent passing 25.0-mm sieve) was
not as clear. Rut depths increased with increasing percent-
ages of natural sand and decreased with increasing G*/sind
values. For the SMA mixes, only the G*/sind parameter was
related to rut depths in the expected manner.

From this study, the researchers concluded that the GLWT
could be used as alaboratory proof tester. Several questions
were raised by this report:

» Should the test temperature for a LWT be related to
pavement temperature during hot summer days?

» Can the APA be used to differentiate between binder/
base mixes and surface mixes?

* Doesthe NMAS of the mixture influence test results?

Choubane, Page, and Musselman (19) reported the results
of an FDOT study to evaluate the APA for assessing the rut-
ting potential of HMA mixes. The test plan for this study
included HMA mixtures from three Interstate projects that
had been placed during the 1980s. Thesethree mixesareiden-
tical to those used in West, Page, and Murphy (10). Coreswere
obtained from the different Interstate projectsto determinein-
place gradation and asphalt content. Aggregates from the
original source were obtained and recombined to meet aver-
age gradations determined from the cores. The original asphalt
binder was not available, so a standard AC-20 that met orig-
inal project specifications was used in the mixes.

For each of the three HMA mixtures, the authors com-
pacted nine beams using the Asphalt Vibratory Compactor
(AVC). Additionally, 18 cylinderswere compacted using the
SGC. All testing specimens were targeted for 7-percent air
voids. After compaction, al specimenswere alowed to cure
at room temperature for 7 days. Prior to testing, the speci-
menswere conditioned in the APA at 41°C (105°F) for 24 h.
The wheel load and hose pressure used during testing were
540 N (122 Ib) and 689 kPa (100 psi), respectively. Rut
depth measurements were obtained at 0; 1,000; 4,000; and
8,000 cycles.

Results of the testing showed a good correlation between
the average rut depths obtained on the beam and cylindrical
specimens. However, the magnitude of the rut depths between
the two sample types were statistically different. Based on a
linear regression of rut depths between the two sample types,
the authors suggested that under similar testing conditions,
the cylindrical specimens rutted more when rut depths were
below 10 mm, but the beams tended to rut more when rut
depths were greater than 10 mm (see Figure A-5).
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Figure A-5. Comparison of beams and gyratory rut depths (19).

The APA ranked the three mixtures similar to the ranking
of the field performance data. The ranking was similar for
both the beam and cylindrical specimens. Therefore, the
authors concluded that the APA has the potential to rank
mixtures for rutting potential. They also expressed concern
that the variability both between tests and within each test
was relatively high in the APA. For this reason, the authors
recommended further evaluation.

From this review, potential variables for inclusion within
NCHRP Project 9-17 were identified:

» Comparison between beam and cylindrical specimens.
+ Variahility both between tests and within each test.

Hanson and Cooley (20) reported the results of aresearch
project conducted by NCAT for the South Carolina DOT
(SCDQT). It included work with the APA to characterize
HMA mixtures of various aggregate gradations and asphalt
binder types. Testing conditionsin the APA were asfollows:
test temperature of 64°C (147°F), 445-N (100-1b) wheel load,
689-kPa (100-psi) hose pressure, and 8,000 cycles. Results
from the study indicated that the APA was able to differen-
tiate between polymer-modified (PG 76-22) and neat (PG
64-22) asphalt binders. Rut depths were significantly lessfor
mixtures containing polymer-modified binders. Based upon
this study and others, the APA has shown the ability to dif-
ferentiate between asphalt binder types (performance grade).

Prowell (21) documented a study conducted at the Vir-
ginia Transportation Research Council to evaluate the APA
as atool for estimating the rut susceptibility of HMA. The
study consisted of testing numerous field-produced HMA
mixes representing awide range of mix components and types.
From the devel oped database of rut testing, confidence limits
were developed and used to evaluate the rut susceptibility of
HMA mixes commonly used in Virginia. For the study, the
author used atest temperature of 49°C (120°F), awheel load
of 533 N (120 Ib), and a hose pressure of 830 kPa (120 psi)

for testing beam samples compacted to 7-percent target air
voidswith an AVC.

Through 1998, atotal of 187 HMA mixtures representing
13 different mix types were tested in the APA, and means,
standard deviations, and 95-percent confidence limitsfor the
six different mix typeswere calculated. Using the upper limit
of the 95-percent confidence band, criteria for limiting rut
depths were proposed. Suggested rut depth criteria for six
different mix typesranged from 3.5 mm (apolymer-modified
PG 76-22 with a 9.5- or 12.5-mm NMAS 50-blow Marshall
designed at 4.5-percent air voids) to 8.5 mm (a fine-graded
9.5-mm NMAS 50-blow Marshall mix designed at 6-percent
air voids).

Interestingly, three of the six mixesfor which criteriawere
devel oped had the same gradation requirements, but different
specifications for the asphalt binder grade (SM-2A, SM-2D,
and SM-2E). The standard mix (SM-2A) used a PG 64-22
binder while the SM-2D included a one-performance-grade
“bump” (PG 70-22) and the SM-2E used a two-grade bump
(PG 76-22). Criteriafor these three mixes suggested that the
addition of the stiffer binders reduced the rut susceptibility
of the gradation. The SM-2A proposed rut depth criteriawas
7.0 mm; the SM-2D and SM-2E criteriadecreased asthe per-
formance grade increased (5.5 and 3.5 mm, respectively).
This follows the same trend as in previous research.

Based on the study, Prowell indicated that the Virginia
DOT (VDOT) would use the APA as a check test to judge
the potential performance of new HMA mixes. However,
VDOT did not intend to use the APA to predict the rutting of
field-placed mixtures. Prowel| also suggested that “ bumping”
the high-temperature performance grade of the asphalt binder
resulted in a more rut-resistant and durable pavement. Some
concerns expressed in the paper dealt with the beam-to-beam
and between-laboratory variability in rut depths for the APA.

Based on this study, several potential factors were identi-
fied for the possible inclusion in NCHRP Project 9-17:
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* What test temperature, wheel load, and hose pressure
should be specified?

» Should HMA mixtures with “bumped” asphalt binder
performance grades have the same criteria as mixtures
without the bump?

Kandhal and Mallick (22) described a research study
designed to evaluate the APA asatool for evaluating the rut-
ting potential of HMA using different aggregate gradations
and asphalt binders. Kandhal and Mallick also wanted to
devel op tentative rut depth criteriabased on the work accom-
plished in the study.

The laboratory test plan included three aggregate types
(limestone, granite, and crushed gravel); two asphalt binder
types (PG 58-22 and PG 64-22); three gradation shapes
(above, below, and through the restricted zone); and two
Superpave-defined NMASs (12.5 and 19.0 mm). All factor-
level combinations were designed using the Superpave mix
design system with adesign number of gyrations of 76. Each
factor-level combination was then tested in the APA. For
testing in the APA, specimens were compacted in the SGC to
a height of 75 mm and an air void content of 4 percent. A
wheel load of 445 N (100 Ib) and a hose pressure of 689 kPa
(100 psi) were used in combination with test temperatures of
58 and 64°C (136 and 147°F). Thetest temperature was based
on the asphalt binder used. For those mixes using the PG
58-22 hinder, atest temperature of 58°C was used while atest
temperature of 64°C was used for mixes with the PG 64-22.

In order to recommend a rut depth criterion, Kandhal and
Mallick also abtained mixturesfrom pavements having major,
intermediate, and minor amounts of rutting. These three sec-
tionswerelocated on 1-85 between Auburn, Alabama, and the
Georgia—Alabama state line. Cores were obtained from each
section approximately 300 mm (1 ft) from the pavement edge.
In the laboratory, the surface mix was cut from the cores and
the bulk-specific gravities were determined. Next, the cores
were heated and broken apart and recombined for each sec-
tion. A portion of the reheated mix from each section was
then used to determine the theoretical maximum specific
gravity while the remaining portion was used to compact 10
specimens for testing in the APA. Specimens were com-
pacted in the SGC to a height of 75 mm and an air void con-
tent of 4 percent. The wheel load and hose pressure were
identical to that of the laboratory study; atest temperature of
64°C was used.

Results of the laboratory study indicated that the APA was
sengitive to aggregate gradation shape (above, below, or
through the restricted zone). For the granite and limestone
mixes, the gradation passing below the restricted zone (BRZ)
showed the highest amount of rutting whilethe gradation pass-
ing through the restricted zone (TRZ) generally showed the
least amount of rutting. Interestingly, for the crushed gravel
aggregate, the BRZ gradation showed the least amount of rut-
ting; the abovetherestricted zone (ARZ) gradation showed the
highest amount of rutting. The APA was also sengitive to the

NMASs of the mixes. Collectively, the 19.0-mm NMAS gra
dations had lower rut depths. Results also showed significance
between the mixes tested at 58 and 64°C. However, Kandhal
and Mallick suggested that the significance was probably due
to differencesin the G*/sind value in an unaged condition for
the two asphalt binders. The G*/sind for the PG 58-22 hinder
tested at 58°C was 1.27 kPawhile the PG 64-22 tested at 64°C
had a G*/sind of 1.76. This would indicate that at the respec-
tive test temperatures, the PG 64-22 would be stiffer.

Based upon the very limited data generated from the three
field sections tested, the authors recommended that the APA
rut depth after 8,000 cycles should be less than 4.5 mm. The
authors recommended that more test sections be eval uated.

This paper brought out several very important variables
for consideration in NCHRP Project 9-17:

* What test temperature should be specified?

+ Should APA rut depth criteria be different for different
NMASs?

* What air void content for APA test specimens should be
specified? The authors of this paper used 4 percent asa
target air void content; others have used 7 percent.

* What method should be used for testing pavement sec-
tions? The project statement for NCHRP Project 9-17
calsfor testing of HMA pavement sections with known
rutting performance. Within this paper, the authors
describe a method of obtaining pavement cores, cutting
off the wearing course, heating the cut wearing course,
recombining, and then compacting test specimens. Others
have obtained origina materialsand re-fabricated to meet
properties of in-place pavements. Both of these methods
will have to be considered for NCHRP Project 9-17.

Mallick (23) performed avery limited experiment to deter-
mine the time needed for a SGC cylinder fabricated for test-
ing in the APA to be heated from room temperature to a test
temperature of 64°C (147°F). Mallick used thermocouples
embedded into the center of cylinders to measure tempera-
ture within the sample. Data from the experiment indicated
that after 6 h, the temperature within the sample was 61.7°C
(143°F) and did not reach the target temperature until 8 h.
Thisvery limited study brought out avery important variable
to the successful completion of NCHRP Project 9-17:

 For how long should samples be preheated before test-
ing inthe APA?

West (24) documented a ruggedness study conducted
through the Southeastern Asphalt User Producer Group’'s
APA User Group to identify APA testing factors that have
the greatest influence on the outcome of test results. Factors
included in the study were air void content of test specimens,
specimen preheating time, test temperature, wheel load, hose
pressure, and specimen type (cylinder or beam). The speci-
men type factor actually was a confounded factor in that the



TABLE A-5 Factorsand levelsused in APA ruggedness study (24)

Factors Low Level Target High-Level Target
Air Void Content 6+05% 8+05%
Test Temperature 55+ 0.4°C 60+ 0.4°C
Specimen Preheat Time 6h 24h
Wheel Load 95 1b 1051b
Hose Pressure 95 psi 105 psi
Specimen Type AVC beams' SGC cylinders®

1 AV C beams: beams compacted in the Pavement Technology, Inc., Asphalt Vibratory Compactor.
2 SGC cylinders: cylinders compacted in Superpave Gyratory Compactor.
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cylinderswere compacted with an SGC and beams were com-
pacted with an Asphalt Vibratory Compactor (AVC). Each
factor had two levels, as shown in Table A-5. Another factor
that was evaluated was rut potential. This factor was termed
a“dummy factor” and was included to represent the range of
potential outcomes in the APA; therefore, alow- and high-
rut-potential mix were incorporated into the study.

Analysis of the ruggedness study data indicated that three
of the six main factorswere significant—air void content, test
temperature, and specimen type (the dummy factor was also
significant)—suggesting that these factors should be more
closely controlled than specimen preheat time, wheel load,
and hose pressure. Current APA test procedures generally
require air void contents to be controlled to within £1.0 per-
cent. Based on this study, air void contents should be con-
trolled to within +0.5 percent.

Within the recommendations of this report, West sug-
gests that the APA test chamber temperature, preheating
ovens, wheel loads, and hose pressures should be calibrated
at least once a year. Also, the sample geometry and com-
paction method should be specified by individual agencies.
A very important recommendation provided in thereport is
a potential method of identifying outliersin the data. West
further suggeststhat singletest results (resultsfor left/right/
center or |eft/right/center/front/back, depending upon test-
ing of beams or cylinders) should not have a standard devi-
ation of greater than or equal to 2.0 mm.

Alsoincluded in the report were three areas in which West
suggestsfurther work isneeded. First, the confounding effect
of compactor type and specimen geometry should be studied
further. A study of this nature should evaluate whether dif-
ferences are caused by mold effects, specimen geometries,
aggregate particle orientations, or density (air void) gradi-
ents. The second recommended study was an evaluation of
actual density gradients within samples. This type of study
should evaluate the differencesin gradientsfor various sample
geometries and compactor types as well as compare density
gradients of laboratory-compacted mix with that of field-
compacted mix. The final study indicates that more informa-
tion is needed to provide APA user guidance on how often
linear hoses need to be replaced.

This study brought out many important factors that could
be considered for NCHRP Project 9-17:

» What tolerance should be used on air void contents of
specimens and test temperature? Both of these factors
were significant in the ruggedness study.

* What sample geometry and sample compactor should be
specified? A possiblefactor would beto reconfigure cylin-
drical specimen moldsin an effort to yield similar results
as beam samples similar to 1zzo and Tahmoressi (4)
and Hall and Williams (5). However, the confounding
effect mentioned by West may not allow thisto happen.
Another issue is the repeatability at which testing sam-
ples can be produced. Based on experience, it is easier
to produce SGC cylindrical specimens at 7.0 + 0.5 per-
cent air voids than to compact beams with an AV C.

* What type of density gradients occur in specimens fab-
ricated for testing in the APA?

» Do hose pressure and wheel load not affect test results
as much as test temperature and air void content do?
This question is important because the ultimate goal of
the APA isto be able to predict rutting for any applica
tion, whether it be for moving traffic or intersections.

* Although not a“factor,” anew calibration procedurefor
the APA may be needed. Thereport does provide avery
strict calibration procedure, which appeared to produce
aminimum number of outlier data.

A.4 MISCELLANEQOUS

This section describes information found in the literature
that does not specifically discuss LWTS, but providesinfor-
mation applicable to NCHRP Project 9-17.

Masad et al. (25) describe the distribution of internal air
voids within compacted HMA specimens using X-ray
tomography. X-ray tomography is avideo imaging tool that
obtains 3-D images of a solid, bulk medium. Using various
algorithms, the images can be used to describe both the com-
ponents and the distribution of components within the
medium. Of interest in this paper is the distribution of air
voids throughout the depth of compacted SGC and linear
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Figure A-6. Void distribution in SGC and LKC
specimens (25).

kneading compactor (LK C) specimens. Figure A-6illustrates
theseresults. For SGC specimens, air voids aretypically much
higher in the top and bottom 25 mm (1 in.). Within the mid-
dle of the specimen, theair void distribution appears constant.
However, for the linear kneading compactor specimen, air
voids are lower in the top 50 mm (2 in.) and then steadily
increase.

A.5 COMPARISONS BETWEEN LWTS

Within this section, information from studies conducted
with more than one LWT is provided. The reviews describe
the differences in testing conditions used in the studies and
in data resulting from the different LWTSs.

Stuart and 1zzo (26) reported results of an FHWA study to
validate the Superpave mix design system—namely, the
binder tests, binder specifications, and mixture tests. For this
study, FHWA used the Accelerated Loading Facility (ALF)
located at Turner-Fairbank Highway Research Center. HMA
mixes were produced by HMA plants and placed over an
aggregate base material on a linear test section. At the time
this paper was published, the facility had five surface mix-
tures and two base mixes in 12 lanes. Each mix type was
placed full depth in a lane. The primary objective of this
paper wasto determine whether the stiffness of asphalt binders
as measured by G*/sind from the dynamic shear rheometer
(DSR) is related to the rut susceptibility of HMA mixtures.
A second objective was to determine whether the effects of
asphalt binder type on rutting was similar for mixtures with
different NMASs.

The research approach taken was to test the seven mixes
placed at the ALF for Marshall properties, in different LWTS,
and with the U.S. Army Corps of Engineers Gyratory Test-
ing Machine (GTM). Of the seven mixes, five different asphalt
binderswere used (PG 58-34, PG 58-28, PG 64-22, PG 76-22,
and PG 82-22). Each of these binders was combined with

aggregates meeting a19.0-mm NMASgradation. These mixes
were labeled surface mixes. Two of the binders (PG 58-34
and PG 64-22) were combined with aggregates meeting a
37.5-mm NMAS gradation and were designated base mixes.

Response variables included Marshall mix properties; rut
depths and rutting slopes using the FRT, GLWT, and HWTD;
and the maximum static shear strength, gyratory stability
index, gyratory elastoplastic index, and refusal percentage
of air voids from the GTM. Target air void contents for all
tests were 8 + 1 percent except for the Marshall properties.
The Marshall properties (stability and flow) were determined
at 60°C.

The FRT tested two slabs at 60°C using a pneumatic rubber
tire. Each dlab was 500 mm long x 180 mm wide x 100 mm
thick. The rubber tire was 415 mm in diameter with awidth
of 109 mm. An inflation pressure within the tire was set at
600 kPa, and a load of 5000 N was applied. The wheel-
tracking rate for the device was 67 cyclesymin (134 passes/
min). The two base mixes were not tested with the FRT
because the test method is not valid for mixeswith NMASs
larger than 20 mm. A French plate compactor was used to
compact the slabs. This machine uses a reciprocating pneu-
matic rubber tire to compact the slabs.

The GLWT tested beams with a dimension of 320 mm
long x 120 mm wide x 80 mm thick at 40.6°C. The beams
were compacted in two lifts using a vibrating hammer with
subsequent compaction using a steel wheel until the surface
of the beam was flat. Beams were confined by stedl plates
except for thetop 12.7 mm within the GLWT. A stiff rubber
hose pressurized to 690 kPa (100 psi) |oaded by a steel wheel
(700 N or 157 Ib) was positioned over the sample and then
tracked across the top. Stuart and 1zzo noted that the load
applied by the wheel was not constant: it changed with the
direction of travel. In one direction, the load was approxi-
mately 740 N; in the opposite direction, the load was 630 N.

The HWTD tested dabswere submerged in water by rolling
asolid steel wheel across the surface of the dlab. Slab dimen-
sionswere 320 mm long x 260 mm wide x 80 mmthick. Slabs
were compacted by the same method as the GLWT beams.
The steel wheel had adiameter of 203.5 mm and awidth of
47 mm. A load of 710 N was applied by thewheel. Thewheel -
tracking rate was approximately 53 passesmin.

In order to compare the laboratory properties of the dif-
ferent mixtures to those placed on the ALF, the laboratory
mixeswere prepared meeting average gradations and asphalt
contents of the plant-produced mixes. Marshall properties
were then used to verify the lab-produced mixes.

Conclusions from this paper indicated that all three LWTs
were able to differentiate among the different asphalt binders
in the surface mixes. However, the GLWT and HWTD were
not able to differentiate between the surface and base mixes
(base mixeswere not tested inthe FRT). The GLWT provided
avery good rel ationship between rut depths and G*/sind while
the FRT and HWTD provided reasonably good relationships.



Also of interest in this paper was a side study conducted
by the authors. This side study evaluated the conditioning of
loose-mix samples prior to compaction of the slabs or beams.
Superpave recommends 4 h of oven aging at 135°C (275°F)
prior to compaction. The authors aged laboratory mixes for
various periods of time (assumed to be at 135°C), extracted
and recovered the binder, and performed Superpave binder
tests. Mixture from the ALF sections that had been in place
for a known amount of time were also cored, the binder
extracted and recovered, and the same Superpave binder
tests conducted. From their analysis of the data, the authors
concluded that a 2-h aging period was needed to produce
the average amount of aging that occurred during plant
production.

This paper brought out numerous variables that should be
considered for inclusion within NCHRP Project 9-17:

* What effect does NMAS have on measured rut depths?
Because of the data revealed in this paper, should differ-
ent rut depth criteriabe developed for different NMASs?

» Since all three LWTs were able to differentiate among
the different binder types, should test temperatures be
based upon the binder performance grade?

» What compaction method should be specified for use
with the APA? Two different compaction methodswere
used in this study.

» How should samples be conditioned prior to testing in
the APA? In the side study, the authors suggest that 2 h
of oven aging at 135°C prior to compaction may be
sufficient.

* What test temperature should be specified? The LWTs
used three different temperatures.

« An interesting variable is the rate of wheel tracking.
Should the rate be higher or lower than the currently used
60 cycles/min (approximate value) in the APA? Each
LWT used different rates of loading.

* What specimen size should be specified? Each LWT
used adifferent sasmple size. Theoretical boundary con-
ditions and internal stresses should be evaluated.

» Because each LWT used a different contact pressure,
what contact pressure should be specified?

* What loading apparatus should be used? A pneumatic
tire, pneumatic hose, and steel wheel were used in this
study.

Stuart and Mogawer (27) continued the work performed
by Stuart and 1zzo (26). Three LWTs were included in this
study: FRT, GLWT, and HWTD. This paper presents the
results of a study to (1) determine whether the method of
specimen compaction affects rutting results in the different
LWTsand (2) compareresultsof rut testsfromthe LWT test-
ing with datafromthe ALF. The experimental plan consisted
of compacting mixtures with the French Plate Compactor
(FPC), an LKC, and pavement slabs cut from sections used
in the ALF experiments. Two gradations were used in the
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study: a surface mixture gradation (19.0-mm NMAS) and a
base mix gradation (37.5-mm NMAS). In addition, two
asphalt binders were used with both gradations: AC-5 and
AC-20 with Superpave performance grades of PG 58-34 and
PG 64-22, respectively.

The ALF consisted of a structural frame containing a
wheel assembly that models one-half of a single rear truck
axle. The wheel traveled at arate o 1.8 km/h. To simulate
highway traffic, the ALF loaded the pavement in only one
direction. For the study, the tire pressure was maintained at
690 kPa (100 psi) with aload of 44,500 N (10,000 Ib) with
no tire wander. During testing, infrared lamps were used to
heat the pavement surface to a target temperature of 58°C at
a pavement depth of 20 mm. Tests conducted with the FRT,
GLWT, and HWTD had identical conditions as those con-
ducted by Stuart and 1zzo (26).

Conclusions from the study indicated that the ALF pro-
vided statistically lower rut depths for the base mixtures.
Theresults varied among devices, compaction method, and
mix type (base or surface). Additionally, the results from
the LWTsdid not always match the ALF results. Stuart and
Mogawer hypothesized that the differences could have
been caused by differencesin contact area for the different
tests.

From this paper, several observations can be made. First,
all four devices used different types of loading apparatus and
conditions. Two used arubber tire (ALF and FRT), one used
adtiff rubber hose (GLWT), and one used a solid steel wheel
(HWTD). The ALF and GLWT used inflation pressures of
690 kPawhilethe FRT used 600 kPa. Loads for the different
tests ranged from 44.5 kN for the ALF to 660 N for the
HWTD. Additionally, different test temperatures were used
for the different devices ranging from 40 to 60°C. Thick-
nesses also varied for the different devices. Therefore, sev-
era potential variables for possible consideration within
NCHRP Project 9-17 include the following:

* What type of loading apparatus should be specified?

» What loading conditions should be specified (inflation
pressure and wheel 1oad)?

* What sample size should be specified? The authors
described potential problems with gradations having
large maximum aggregate sizes.

+ Are rutting results independent of a gradation’s maxi-
mum aggregate size (or NMAS)?

» Which contact areaand pressure within the APA should
be evaluated?

» What test temperature should be specified? Should the
specified temperature berelative to high air temperature
or high pavement temperature?

» What specimen thickness should be specified?

Huber et al. (28) reported on astudy that was conducted to
evaluate the effect of fine aggregate angularity and flat and
elongated particles on the performance of HMA mixes. Three
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accelerated performance tests were conducted and included
the SCRT, APA, and Superpave analysistesting. The SCRT
is a Hamburg-type LWT. It uses a single hard rubber tire
with an estimated contact pressure of 950 kPa (138 psi) to
pass across a beam sample (the beam dimensions were not
reported) for 20,000 passes. Specimens tested in the SCRT
were compacted to 6.0 + 0.5 percent air voidsusing an LK C.
Testswere conducted at 55°C (131°F), and rutting was char-
acterized as arutting rate (mm/h).

Testing with the APA was conducted on 300 mm x 125
mm x 75 mm beams with a hose pressure of 700 kPa (100
psi) and a wheel load of 445 N (100 Ib). The beams were
compacted to 7.0 £ 1.0 percent air voids using an AVC.
Beam specimens were tested at 50°C (122°F), and rutting
was characterized as rut depths after 8,000 cycles. The
Superpave analysis test used by the authors was the Fre-
guency Sweep at Constant Height Test. Thistest is a strain-
controlled test that applies loads in shear across a sample.
Testing was conducted at 40°C.

Two separate experimentswere conducted. Thefirst exper-
iment consisted of evaluating the effect of fine aggregates on
Superpave-designed mixes. For thisstudy, a12.5-mmNMAS
Superpave mix containing al Georgia granite was used as a
reference mix. Threefine aggregates were then used to replace
the Georgia granite fine aggregate in order to evaluate the
effects of different fine aggregates. Fine aggregate angular-
ity valuesranged from 38 to 48 for thisexperiment. A design
number of gyrations (Ngesgn) in the SGC of 96 was used. Spec-
imens were compacted to the maximum number of gyrations
during mix design, and volumetric properties backcal cul ated
at Ngesgn- ResUlts of this experiment indicated that none of the
three performance tests were able to differentiate among the
four fine aggregates. Huber et al. (28) surmised that the gra-
dation combination with the high compactive effort used dur-

ing mix design had de-emphasized the rol e of fine aggregates
in rut resistance.

The second experiment was conducted to evaluate the
effect of flat and elongated particles on volumetric properties
of selected asphalt mixtures. No performance testing was
conducted in this experiment. Results indicated the coarse
aggregate with a maximum to minimum ratio of 3 to 1 did
not adversely affect volumetric properties of Superpave-
designed mixes. Flat and elongated ratios at 3to 1 for thetwo
coarse aggregates were 19 and 9 percent.

Based on this study, none of the three performance tests
were able to differentiate among fine aggregates with fine
aggregate angularity (FAA) values ranging from 38 to 48.
This brings out concerns about all three tests. However, test-
ing was conducted for all three performance tests at tempera-
turesthat werelower than anticipated pavement temperatures.

Williams and Prowell (29) reported on a study conducted
jointly by FHWA and the Virginia Transportation Research
Council (VTRC) to evaluatethe ahility of three LWTsto pre-
dict the rutting performance of HMA mixtures. The LWTs
included werethe APA, FRT, and HWTD. For this study, 10
test sections placed in the summer of 1997 at WesTrack were
used to correlate LWT results and actual field performance.
All 10 of the sections were rehabilitation courses replacing
some of the original WesTrack sections. Eight of thetenwere
part of the FHWA experiment of varying both asphalt con-
tent and air voids while the other two sections were Nevada
DOT mixes.

Field rut performance on the test sections after 582,000
ESA L swas characterized by two permanent deformation com-
ponents: uplift and downward deformation (see Figure A-7).
In the research by Williams and Prowell (29), uplift rutting is
defined as the difference between total rutting and downward
rutting. The authors indicated that none of the LWTs measure
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Figure A-7.

Characterization of downward and total rutting (29).
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TABLE A-6 Test parametersused by Williams and Prowell (29)

Parameter FRT APA HWTD
Test Temperature, °C 60 60 50
Environmental Condition Dry Dry Wet
Aluminum wheel on
Pneumatic tire pressurized hose

Load Application (600 kPa, 87 psi) (830 kPa, 120 psi) Steel wheel

Load, N (Ib) 5,000 (1,124) 533 (120) 685 (154)
Sinusoidal with a maximum
of 0.33 n/s at the center of

Wheel Speed 1.6m/s 0.6 m/s sample

the uplift portion of the deformation; they measure only the
downward deformation. Field rut performance was obtained
from the right wheel path of each test section. The right wheel
path was sel ected because a 2-percent cross slope was used on
thetest track for drainage; however, depending upon thetrans-
verse location in the pavement at which measurements are
made, the loading conditions could change. By taking al mea-
surements in the right wheel paths, the LWTSs could be com-
pared with the test sections in a consistent manner.

Samples from each of the 10 sections were removed and
trimmed to the appropriate thickness for each device. The
authors noted that some minor inconsi stenciesin the samples
required the samplesto be shimmed in their respective molds
using plaster of paris.

Table A-6 presents the testing conditions for each of the
three LWTs used by Williams and Prowell. After testing, the
resultsfor each devicewere compared individually with therut
performance data of the 10 pavement sections. The relation-
ships were very strong for al three devices: the APA had an
R? value of 89.9, and the FRT and HWTD had R? values of
83.4 and 90.5, respectively. The paper then presented an
approach to establishing specification criteria for LWT
devices. The authors suggested that any specification should
consider the level of confidence, the variance or standard
deviation, sample size, and specification limit.

This paper indicated that a potential exists for correlating
LWT results and actual field performance. From this study,
several interesting variables were identified for the possible
inclusion within NCHRP Project 9-17:

* What is the best method for characterizing field rut
depths? The authors suggest that LWTsin general mea-
sure only the downward rut depths; therefore, total rut
depths such as what L TPP measures may not be corre-
lated to LWT data.

* What test temperature should be specified? Although
not discussed in the review, the authors described how
the test temperature of 60°C was selected for the FRT
and APA. Actua pavement temperature measurements
over the time period of the 582,000 ESAL trafficking
were used to select the 60°C test temperature.

* What wheel 1oad and hose pressure should be specified
for the APA? During this study, the authors used both a
wheel load and a hose pressure that were larger than
those used in many previous studies and found strong
correlations between laboratory and field rut depths.

+ Should APA testing be conducted with cores/beams cut
from actual pavement sections or should specimens be
fabricated in the laboratory to meet section properties?

The paper also describes information that should be consid-
ered in developing specification criteria for the APA. This
information should be evaluated when developing criteria
during NCHRP Project 9-17.
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Appendix B: Preliminary APA Test Method

(in AASHTO Format)
Standard Test Method for

DETERMINING RUTTING SUSCEPTIBILITY OF ASPHALT PAVING MIXTURES

USING THE ASPHALT PAVEMENT ANALYZER

1. SCOPE

1.1

1.2

1.3

This method describes a procedure for testing the rutting susceptibility of
asphalt-aggregate mixtures using the Asphalt Pavement Analyzer (APA).

The values stated in SI units are to be regarded as the standard. The values given in
parentheses are for information only.

This standard does not purport to address all of the safety concerns, if any, associated
with its use. It is the responsibility of the user of this standard to establish appropriate
safety and health and determine the applicability of regulations prior to use.

2. REFERENCED DOCUMENTS

2.1

AASHTO Standards

T 166 Standard Test Method for Bulk Specific Gravity and Density of Compacted
Bituminous Mixtures Using Saturated Surface—Dry Specimens

T 169 Standard Practice for Sampling Bituminous Paving Mixtures

T 209 Standard Test Method for Theoretical Maximum Specific Gravity and Density of
Bituminous Paving Mixtures

T 269 Standard Test Method for Percent Air Voids in Compacted Dense and Open
Bituminous Mixtures

MP-2 Standard Specification for Superpave Volumetric Mix Design

PP-35 Practice for Evaluation of Superpave Gyratory Compactors (SGCs)

PP-2 Short and Long Term Aging of Hot Mix Asphalt

3. APPARATUS

3.1

Asphalt Pavement Analyzer (APA)—A thermostatically controlled device designed to
test the rutting susceptibility of asphalt-aggregate mixtures by applying repetitive linear
loads to compacted test specimens through three pressurized hoses via wheels.
3.1.1 The APA shall be thermostatically controlled to maintain the test temperature
and conditioning chamber at any setpoint between 4° and 72°C within 1°C.

3.1.2 The APA shall be capable of independently applying loads up to 534 N (130
Ibs) to the three wheels. The loads shall be calibrated to the desired test load by
an external force transducer.

3.1.3 The pressure in the test hoses shall be adjustable and capable of maintaining
pressure up to 830 kPa (130 psi).

3.1.4 The APA shall be capable of testing six cylindrical or three beam specimens
simultaneously.



3.1.5 The APA shall have a programmable master cycle counter which can be preset
to the desired number of cycles for a test. The APA shall be capable of
automatically stopping the test at the completion of the programmed number of
cycles.

3.1.6 The hoses shall be Gates 77B Paint Spray and Chemical 3/4 inch (19.0 mm),
750 psi (5.17 MPa) W.P. GL 07148. The hoses should be replaced when any of
the outer rubber casing has worn through and threads are exposed. Follow the
APA manufacturer's instructions for the technique on replacing hoses.

3.2 Balance, 12,000 gram capacity, accurate to 0.1 gram.
3.3 Mixing utensils (bowls, spoon, spatula).
3.4 Ovens for heating aggregate and asphalt binder.
3.5 Compaction device and molds.
. CALIBRATION
4.1 Temperature calibration of the APA and specimen preheating.
4.2 Load calibration of the air cylinders at the three test positions.
4.3 Pressure calibration of the air pressure within APA hoses.

Note: Calibration procedures are provided in the Annex.

PREPARATION OF TEST SPECIMENS

5.1

5.2

53

5.4

Number of Test Specimens - Six cylindrical (150 mm diameter x 115 or 75 mm) or 3

beam (75 mm x 125 mm x 300 mm) specimens.

Roadway Core Specimens

5.2.1 Roadway core specimens shall be 150 mm diameter with all surfaces of the
perimeter perpendicular to the surface of the core within 5 mm. Cores shall be
trimmed with a wet masonry saw to a height of 75 £ 3 mm. If the core has a
height of less than 75 £ 3 mm, plaster-of-paris may be used to achieve the
proper height. Testing shall be conducted on the uncut face of the core.

Plant Produced Mixtures

5.3.1 Samples of plant produced mixtures shall be obtained in accordance with
AASHTO T 169. Mixture samples shall be reduced to the appropriate test size
and compacted while the mixture is still hot. Reheating of loose plant mixture
should be avoided.

5.3.2 Mixture samples to be compacted with a Superpave gyratory compactor shall be
compacted 4.0 + 0.5 percent air voids. Beam samples shall be compacted to 5.0
+ 0.5 percent air voids. Both sample types shall be 75 £ 3 mm in height.

Laboratory Prepared Mixtures

5.4.1 Mixture proportions are batched in accordance to the desired Job Mix Formula.

5.4.2 The temperature to which the asphalt binder must be heated to achieve a
viscosity of 170 £ 20 ¢St shall be the mixing temperature. For modified asphalt
binder use the mixing temperature recommended by the binder manufacturer.
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5.5

5.4.3 Dry mix aggregates and hydrated lime (when lime is used) first, then add
optimum percentage of asphalt cement. Mix the materials until all aggregates
are thoroughly coated.

5.4.4 Test samples shall be aged in accordance with the short-term aging procedure in
AASHTO PP2.

5.4.5 The temperature to which the asphalt binder must be heated to achieve a
viscosity of 290 £ 30 ¢St shall be the compaction temperature. For modified
asphalt binders, use the compaction temperature recommended by the binder
manufacturer. The mixture shall not be heated at the compaction temperature
for more than one hour.

Laboratory Compaction of Specimens

5.5.1 A Superpave gyratory compactor approved in accordance with AASHTO PP-35
should be used to compact cylindrical samples. Beam samples shall be
compacted to the proper dimensions and air void content.

5.5.2 Laboratory prepared cylindrical specimens shall be compacted to contain 4.0
0.5 percent air voids at 75 £ 3 mm height.

5.5.3 Laboratory prepared beam specimens shall be compacted to contain 5.0 + 0.5
percent air voids at 75 + 3 mm.

5.5.4 Compacted specimens should be left at room temperature (approximately
25°C), to allow the entire specimen to cool, for a minimum of 3 hours.

6. DETERMINING THE AIR VOID CONTENTS

6.1

6.2

6.3

Determine the bulk specific gravity of the test specimens in accordance with AASHTO
T 166.

Determine the maximum specific gravity of the test mixture in accordance with
AASHTO T 209.

Determine the air void contents of the test specimens in accordance with AASHTO T
2609.

7. SELECTING THE TEST TEMPERATURE

7.1

The test temperature shall be set to the high temperature of the standard Superpave
binder Performance Grade (PG) identified by the specifying agency for the project that
the mixture is intended. For circumstances where the binder grade has been bumped,
the APA test temperature will remain at the high standard PG binder.

8. SPECIMEN PREHEATING

8.1
8.2

Place the specimens in the molds.

Specimens shall be preheated in the temperature calibrated APA test chamber or a
separate calibrated oven for a minimum of 6 hours. Specimens should not be held at
elevated temperatures for more than 24 hours prior to testing.



9. PROCEDURE

10.

9.1 Set the hose pressure gap reading to 827 £ 35 kPa (120 + 5 psi). Set the load cylinder
pressure reading for each wheel to achieve a load of 534 £ 22 N (120 + 5 1b.).

9.2 Stabilize the testing chamber temperature at the temperature selected in Paragraph 7.

9.3  Secure the preheated, molded specimens in the APA. The preheated APA chamber
should not be open more than 6 minutes when securing the test specimens into the
machine. Close the chamber doors and allow 10 minutes for the temperature to
restabilize prior to starting the test.

9.4 Apply 25 cycles to seat the specimens before the initial measurements. Make
adjustments to the hose pressure as needed during the 25 cycles.

9.5 Open the chamber doors, unlock and pull out the sample holding tray.

9.6 Place the rut depth measurement template over the specimen. Make sure that the rut
depth measurement template is properly seated and firmly rests on top of the testing
mold.

9.7 Zero the digital measuring gauge so that the display shows 0.00 mm with the gauge
completely extended. The display should also have a bar below the “inc.” position.
Take initial readings at each of the four outside locations on the template. The center
measurement is not used for cylindrical specimens. Measurements shall be determined
by placing the digital measuring gauge in the template slots and sliding the gauge
slowly across the each slot. Record the smallest measurement for each location to the
nearest 0.01 mm.

9.8 Repeat steps 9.6 and 9.7 for each set of cylinders or beams in the testing position. All
measurements shall be completed within six minutes.

9.9 Push the sample holding tray in and secure. Close the chamber doors and allow 10
minutes for the temperature to equalize.

9.10 Setthe PRESET COUNTER to 8,000 cycles.

9.11 Start the test. When the test reaches 8,000 cycles, the APA will stop and the load
wheels will automatically retract.

9.12 Repeat steps 9.5 through 9.7 after 8,000 cycles to obtain final measurements.

CALCULATIONS

10.1 The rut depth at each location is determined by subtracting the final measurement from
the initial measurement.

10.2 Determine the overall average rut depth for each of the three test positions. Use the
average of measurements to calculate the average rut depth.

10.3 Calculate the average rut depth from the three test positions. Also, calculate the
standard deviation for the three test positions.

10.4 Outlier evaluation—If the standard deviation of the three test positions is greater than
or equal to 2.0 mm, then the position with the rut depth farthest from the average may
be discarded. The testing procedure, device calibration, and test specimens should be
investigated to determine the possible causes for the excessive variation.

10.5 The APA rut depth for the mixture is the average of the six cylindrical or 3 beam

specimens at 8,000 cycles.
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11. REPORT

11.1 The test report shall include the following information:
11.1.1 The laboratory name, technician name, and date of test.
11.1.2 The mixture type and description.
11.1.3 Average air void content of the test specimens.
11.1.4 The test temperature.
11.1.5 The average manually determined rut depth, to the nearest 0.1 mm, after 8,000

cycles.

12. PRECISION AND BIAS

12.1 No work has been conducted to develop a precision statement for this standard.



A. CALIBRATION
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ANNEX
(Mandatory Information)

The following items should be checked for calibration no less than once per year: (1) preheating
oven, (2) APA temperature, (3) APA wheel load, and (4) APA hose pressure. Instructions for
each of these calibration checks is included in this section.

A.1. Temperature calibration of the preheating oven.

A.1.1 The preheating oven must be calibrated with a NIST traceable thermometer (an
ASTM 65°C calibrated thermometer is recommended) and a metal thermometer
well to avoid rapid heat loss when checking the temperature.

Temperature Stability

Al2

A.l3

Al4

Al21

Al122

Set the oven to the chosen temperature (e.g., 64°C). Place the
thermometer in the well and place them on the center of the shelf
where the samples and molds will be preheated. It usually takes an
hour or so for the oven chamber, well and thermometer to stabilize.
After one hour, open the oven door and read the thermometer without
removing it from the well. Record this temperature. Close the oven
door.

Thirty minutes after obtaining the first reading obtain another reading
of the thermometer. Record this temperature. If the readings from step
A.1.2.1 and A.1.2.2 are within 0.4°C, then average the readings. If the
readings differ by more than 0.4°C then continue to take readings
every thirty minutes until the temperature stabilizes within 0.4°C on
two consecutive readings.

Temperature Uniformity

Al13.1

A132

To check the uniformity of the temperature in the oven chamber, move
the thermometer and well to another location in the oven so that they
are on a shelf where samples and molds will be preheated, but as far as
possible from the first location. Take and record readings of the
thermometer at the second location every thirty minutes until two
consecutive readings at the second location are within 0.4°C.

Compare the average of the two readings at the first location with the
average of the stabilized temperature at the second location. If the
average temperatures from the two locations are within 0.4°C, then the
oven temperature is relatively uniform and it is suitable for use in
preheating APA samples. If the average of the readings at the two
locations differ by more than 0.4°C then you must find another oven
that will hold this level of uniformity and meets calibration.

Temperature Accuracy

Al4.1

Average the temperatures from the two locations. If that average
temperature is within 0.4°C of the set point temperature on the oven,
then the oven is reasonably accurate and calibration is complete.
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Al42

A.143

If the set point differs from the average temperature by more than
0.4°C, then adjust the oven set point appropriately to raise or lower the
temperature inside the chamber so that the thermometer and well will
be at the desired temperature (e.g., 64°C).

Place the thermometer and well in the center of the shelf. At
thirty-minute intervals, take readings of the thermometer. When two
consecutive readings are within 0.4°C, and the average of the two
consecutive readings are within 0.4°C of the desired test temperature
(e.g., 64°C), then the oven has been properly adjusted and calibration
is complete. If these two conditions are not met, then repeat steps
A.1.42and A.1.4.3.

A.2 APA Temperature Calibration

A.2.1 The APA must be calibrated with a NIST traceable thermometer (an ASTM
65°C calibrated thermometer is recommended) and a metal thermometer well to
avoid rapid heat loss when checking the temperature.
Temperature Stability

A22

A23

A221

A222

A223

Turn on the APA main power and set the chamber temperature
controller so that the inside the testing chamber is at anticipated testing
temperature (e.g., 64°C). Also, set the water temperature controller to
achieve the anticipated testing temperature. (Note: Experience has
shown that the temperature controller on the APA is not always
accurate. The thermometer should always be considered chamber
temperature.) Place the thermometer in the well and place them on the
left side of the APA where the samples and molds will be tested (Note:
It may be helpful to remove the hose rack from the APA during
temperature calibration to avoid breaking the thermometer.)

It usually takes about five hours for the APA to stabilize. After the
temperature display on the controller has stabilized, open the chamber
doors and read the thermometer without removing it from the well.
Record this temperature. Close the chamber doors.

Thirty minutes after obtaining the first reading obtain another reading
of the thermometer. Record this temperature. If the readings from step
A.2.2.2 and A.2.2.3 are within 0.4°C, then average the readings. If the
readings differ by more than 0.4°C then continue to take readings
every thirty minutes until the temperature stabilizes within 0.4°C on
two consecutive readings.

Temperature Uniformity

A23.1

To check the uniformity of the temperature in the APA chamber, move
the thermometer and well to the right side of the APA, where the
samples are tested. Take and record readings of the thermometer at the
second location every thirty minutes until two consecutive readings at
the second location are within 0.4°C.
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A.2.3.2 Compare the average of the two readings obtained in A.2.2.3 and
A.2.3.1. If the average temperatures from the two locations are within
0.4°C, then the APA temperature is relatively uniform and it is suitable
for use. If the average of the readings at the two locations differ by
more than 0.4°C then consult with the manufacturer on improving
temperature uniformity.

A.2.4 Temperature Accuracy
A.2.4.1 Average the temperatures from the two locations. If that average

temperature is within 0.4°C of the desired test temperature (e.g.,
64°C), then the APA temperature is reasonably accurate and
calibration is complete,

A.2.4.2 If the average temperature differs from the desired test temperature
(e.g., 64°C) by more than 0.4°C, then adjust the APA temperature
controller so that the thermometer and well will be at the desired test
temperature. (Note: It is advisable to keep the water bath set at the
same temperature as the test chamber.)

A.2.4.3 Place the thermometer and well in the center of the shelf. At thirty
minute intervals, take readings of the thermometer. When two
consecutive readings are within 0.4°C, and the average of the two
consecutive readings are within 0.4°C of the desired test temperature,
then the APA temperature has been properly adjusted and calibration
at that temperature is complete. Record the current set points on the
temperature controllers for later reference. If these two conditions are
not met, then repeat steps A.2.4.2 and A.2.4.3.

A.3 APA Wheel Load calibration of the air cylinders at the three test positions.

A.3.1 The APA wheel loads will be checked with the calibrated load cell provided
with the APA. The loads will be checked and adjusted one at a time while the
other wheels are in the down position and bearing on a dummy sample or
wooden block of approximately the same height as a test sample. Calibration of
the wheel loads should be accomplished with the APA at room temperature. A
sheet is provided to record the calibration loads.

A.3.1.1 Remove the hose rack from the APA.

A.3.1.2 Jog the wheel carriage until the wheels are over the center of the
sample tray when the wheels are in the down position.

A.3.1.3 Raise and lower the wheels 20 times to heat up the cylinders.

A.3.1.4 Adjust the bar on top of the load cell by screwing it in or out until the
total height of the load cell-load bar assembly is 105 mm.

A.3.1.5 Position the load cell under one of the wheels. Place wooden blocks or
dummy samples under the other two wheels.

A.3.1.6 Zero the load cell.

A.3.1.7 Lower all wheels by turning the cylinder switch to CAL.

A.3.1.8 If the load cell is not centered left to right beneath the wheel, then raise
the wheel and adjust the position of the load cell. To determine if the
load cell is centered front to back beneath the wheel, unlock the
sample tray and move it SLOWLY until the wheel rests in the
indentation on the load cell bar (where the screw is located).
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A.3.1.9 After the load cell has been properly centered, adjust the pressure in
the cylinder to obtain 445 £ 5 N (100 = 11bs.). Allow three minutes for
the load cell reading to stabilize between adjustments. Record the
pressure and the load.

A.3.1.10 With the wheel on the load cell remaining in the down position, raise
and lower the other wheels one time. Allow three minutes for the load
cell reading to stabilize. Record the pressure and the load.

A.3.1.11 With the other wheels remaining in the down position, raise and lower
the wheel over the load cell. Allow three minutes for the load cell
reading to stabilize. Record the pressure and the load.

A.3.1.12 Repeat steps A.3.1.5 through A.3.1.11 for each wheel/cylinder.

A.3.1.13 Return the load cell to the first wheel and repeat steps A.3.1.5 through
A3.1.11.

A.3.1.14 Place the load cell under the second wheel and repeat steps A.3.1.5
through A.3.1.11.

A.3.1.15 Place the load cell under the third wheel and repeat steps A.3.1.5
through A.3.1.11. The current cylinder pressures will be used to set
wheel loads to 445 N (100 1bs.).

A.4 Replacement of the APA hoses

A.4.1 New hoses shall be placed in service in accordance with 2.1.6.

A.4.1.1 Remove the hose rack from the APA.

A.4.1.2 Remove the used hoses from the hose rack. Place the new hose on the
barbed nipples and secure with the hose clamps.

A.4.1.3 Position the hoses in the rack such that the hose curvature is vertical.
Tighten the nuts at the ends of the hoses only until the hoses are
secure. Over-tightening will effect the contact pressure and hose life.

A.4.1.4 Place the hose rack back into the APA and make sure that the hoses
are aligned beneath the wheels.

A.4.1.5 Prior to testing, break in the new hoses by running 8000 cycles on a set
of previously tested samples at a temperature of 55°C (131°F) or
higher.

A.5 APA Hose Pressure Check

A.5.1 The air pressure in the APA test hoses shall be checked with a NIST traceable

test gauge or transducer with a suitable range. The check shall be made while
the APA is operating Since the hoses are connected in series, it is satisfactory to
connect the test gauge to the end of the right-most hose. The pressure should not
fluctuate outside of the range of 690 = 35 kPa (100 £ 3 psi) during normal
operation. Adjust the pressure as necessary with the hose pressure regulator.

Note: The Ashcroft test gauge model 450182As02L200# has been found to be
satisfactory for this purpose. This gauge may be available through Grainger
(Stock No. 2F008).




Abbreviations used without definitions in TRB publications:

AASHO
AASHTO
APTA
ASCE
ASME
ASTM
ATA
CTAA
CTBSSP
FAA
FHWA
FMCSA
FRA
FTA
IEEE
ITE
NCHRP
NCTRP
NHTSA
NTSB
SAE
TCRP
TRB
U.S.DOT

American Association of State Highway Officials
American Association of State Highway and Transportation Officials
American Public Transportation Association
American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

American Trucking Associations

Community Transportation Association of America
Commercial Truck and Bus Safety Synthesis Program
Federal Aviation Administration

Federal Highway Administration

Federal Motor Carrier Safety Administration

Federal Railroad Administration

Federal Transit Administration

Institute of Electrical and Electronics Engineers
Institute of Transportation Engineers

National Cooperative Highway Research Program
National Cooperative Transit Research and Development Program
National Highway Traffic Safety Administration
National Transportation Safety Board

Society of Automotive Engineers

Transit Cooperative Research Program
Transportation Research Board

United States Department of Transportation




	NCHRP Report 508 – Accelerated Laboratory Rutting Tests: Evaluation of the Asphalt Pavement Analyzer
	Next Page
	Previous Page
	===============
	Project Description
	===============
	Transportation Research Board Executive Committee 2003 (Membership as of August 2003)
	Accelerated Laboratory Rutting Tests: Evaluation of the Asphalt Pavement Analyzer
	About the National Academies
	NCHRP Project D9-17 Panel
	Author Acknowledgments
	Foreword
	Contents
	Summary
	Chapter 1 - Introduction and Research Approach
	1.1 Introduction
	1.2 Description of the APA
	1.3 Scope
	1.3.1 Phase I
	1.3.2 Phase II
	1.3.3 Phase III


	Chapter 2 - State of the Practice (Phase I)
	2.1 Introduction

	Chapter 3 - Selection of Materials (Phase I)
	3.1 10 HMA Mixes of Known Performance
	3.1.1 Mixes from WesTrack
	3.1.2 Mixes from MnRoad
	3.1.3 Mixes from Turner-Fairbank Highway Research Center

	3.2 Materials Characterization
	3.2.1 Mixes from WesTrack
	3.2.2 Mixes from MnRoad
	3.2.3 Mixes from FHWA ALF


	Chapter 4 - Experimental Plan (Phase I)
	4.1 Introduction
	4.2 Experimental Plan Using Field Mixes of Known Performance
	4.2.1 Statistical Analysis
	4.2.2 Evaluation of Boundary Conditions on APA Test Specimens

	4.3 Additional Testing of 10 Field Mixes

	Chapter 5 - Test Results and Analysis (Phase II)
	5.1 Introduction
	5.2 Test Results and Analysis for Individual Pavement Studies
	5.2.1 Mixes from WesTrack
	5.2.2 Mixes from MnRoad
	5.2.3 Mixes from ALF
	5.2.4 Summary of Analyses on Individual Field Projects

	5.3 Analysis of Collective Data (All Projects)
	5.3.1 Effect of Test Variables on Measured Laboratory Rut Depths
	5.3.2 Comparison of Field and Laboratory Rutting

	5.4 Selection of Tentative Test Procedure and Acceptance Criteria
	5.5 Comparison Between APA Results and Other Performance Tests
	5.5.1 Hamburg Wheel Tracking Device
	5.5.2 Simple Performance Test


	Chapter 6 - Phase II Conclusions and Recommendations
	6.1 Conclusions
	6.2 Recommendations

	Chapter 7 - Validation of Proposed APA Test Method (Phase III)
	7.1 Experimental Plan
	7.2 Selection of Materials
	7.2.1 Interstate 80 in Nevada (4 Test Sections)
	7.2.2 NCAT Test Track (10 Test Sections)

	7.3 Test Results and Analysis
	7.3.1 Validation for Cylindrical Specimens
	7.3.2 Validation for Beam Specimens
	7.3.3 Validation Analysis Considering Potential Outliers
	7.3.4 Validation Conclusions

	7.4 Estimate of Repeatability

	Chapter 8 - Proposed Research Plan to Evaluate Applicability of APA for Field QC/QA Operations
	8.1 Introduction
	8.1.1 Sample Size
	8.1.2 Hose Pressure and Wheel Load
	8.1.3 Effect of Reheating Prior to Compaction
	8.1.4 Effect of Asphalt Absorption
	8.1.5 Comparison of Laboratory and Plant-Produced Rut Depths


	Chapter 9 - Recommended Practice for Establishing Maximum Specified Rut Depth for APA
	9.1 Objective
	9.2 Scope of Recommended Practice
	9.3 Testing of Plant-Produced Mix
	9.3.1 Evaluation of Test Data and Development of Critical Rut Depths

	9.4 Testing of Existing Asphalt Pavements
	9.4.1 Analysis of In-Place Mix
	9.4.2 Preparation of Test Samples
	9.4.3 Testing by APA
	9.4.4 Evaluation of Test Data and Development of Specifications


	Chapter 10 - Study Conclusions and Recommendations
	10.1 Conclusions
	10.2 Recommendations

	References
	Glossary
	Appendix A - Literature Review
	Appendix B - Preliminary APA Test Method
	Abbreviations used without definitions in TRB publications

