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This report presents the findings of a research project to validate the gyration levels in
the Ndesign table (Table 1) in AASHTO R 35 by following the behavior under traffic of a series
of field projects. Its main finding is that, based on ultimate pavement densities achieved on
40 field projects in 16 states across the United States, modest reductions in Ndesign are possi-
ble. Such reductions, if adopted, should lead to hot mix asphalt (HMA) mix designs that are
more readily compacted in the field. The report will be of particular interest to materials
engineers in state highway agencies, as well as to materials suppliers and paving contractor
personnel responsible for the specification, design, and production of HMA.

The original Ndesign table associated with the use of the Superpave gyratory compactor
in HMA mix design was based on testing conducted on cores from 15 field projects that had
been in service for at least 12 years when they were sampled. The asphalt binder was
extracted from the cores and the recovered aggregate remixed with virgin AC-20 asphalt
cement. The remixed samples were compacted in a gyratory compactor, and the numbers
of gyrations necessary to match the core densities were determined. The density at the time
of construction was assumed to be 92 percent of Gmm for all of the projects. The data from
the 15 projects were extrapolated to produce the original Ndesign table, consisting of 28 lev-
els representing four climatic regions and seven traffic levels. In 1999, this original Ndesign

table was consolidated to four levels based on laboratory work conducted for NCHRP and
FHWA that determined the sensitivity of mix volumetric properties and mix stiffness to
Ndesign. However, these results were not verified for field conditions.

Under NCHRP Project 9-9(1), “Verification of Gyration Levels in the Ndesign Table,” the
National Center for Asphalt Technology at Auburn University was assigned the goal of ver-
ifying through a series of field project evaluations that the gyration levels in the Ndesign table
(Table 1) of AASHTO Standard Practice R 35, “Superpave Volumetric Design for Hot-Mix
Asphalt (HMA),” are correct for the four stated 20-year design traffic levels (less than
0.3 million; 0.3 million to 3 million; 3 million to 30 million; and greater than 30 million
ESALs). To accomplish this goal, the research team conducted an extensive field experiment
that followed the in-situ pavement densification of 40 field projects from their time of con-
struction to 4 years under traffic.

The projects were located in 16 states in the Rocky Mountain, South Central, North
Central, and Southeast regions of the United States, and they represented a wide range of
traffic levels, asphalt binder performance grades, and aggregate types and gradations. At
each project, gyratory compacted specimens were prepared from as-produced loose mix at
the Ndesign level required for the project by Table 1 of AASHTO R 35, and the specimen den-
sities were compared with those developed during the HMA mix design. The pavements
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were cored at the time of construction and at 3 months, 6 months, 1 year, 2 years, and
4 years after construction. Core densities were then measured and in-place air void contents
were calculated. Thus, the densification of each project was followed over time until an ulti-
mate in-place density was reached. These results were then compared with the original mix
design data to assess how well the project Ndesign level matched the ultimate pavement den-
sification achieved under traffic.

Based on analyses of the experimental results, the research team concluded that the pres-
ent Ndesign levels in AASHTO R 35 are higher than needed to match the ultimate in-place
pavement density at design traffic levels greater than 0.3 million ESALs. The team recom-
mended specific changes to the Ndesign values in Table 1 of AASHTO R 35 for consideration
by the AASHTO Highway Subcommittee on Materials. In addition, the team proposed fur-
ther reductions in Ndesign when the mix design is prepared with an asphalt binder with a per-
formance grade of PG 76-XX or greater. Such binders are typically modified, and HMA pre-
pared with them can provide superior performance.

All 40 field projects proved to have excellent resistance to rutting. Based on this fact and
on an evaluation of the original mix design data for each project, the team recommended
removal of the Ninitial and Nmaximum requirements in Table 1 of AASHTO R 35 as superfluous
to the design of well-performing HMA.

This final report includes a detailed description of the experimental program, a discus-
sion of the research results and their analysis, a summary of findings, and recommendations
for implementation of key findings. These findings have been referred to the FHWA Asphalt
Mixture Expert Task Group and the AASHTO Highway Subcommittee on Materials for
review and revision of the applicable recommended practice.
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S U M M A R Y

The original Superpave Ndesign table was based on testing conducted on a single core from each
of 15 different sites. The sites were selected to represent three climatic regions (cool, warm, and
hot) and three traffic levels (low, medium, and high). Two replicates were desired for each of the
nine cells, but only a single replicate was identified for each of the three cells representing the hot
climate. The sites had been in service for at least 12 years when they were sampled. The asphalt
was extracted from the cores and the recovered aggregate remixed with virgin AC-20. The
remixed samples were compacted in a gyratory compactor, and the numbers of gyrations were
determined to match the densities of the cores. The density at the time of construction was
assumed to be 92 percent of Gmm for all of the projects. The data from the 15 cores were extrap-
olated to produce the original Ndesign table consisting of 28 levels representing four climatic
regions and seven traffic levels.

In 1999, the Superpave Ndesign table was consolidated to four levels based on the sensitivity of
mixture volumetric properties and mixture stiffness to Ndesign. The climatic regions were elimi-
nated because differences in climate should be accounted for by the selection of the binder grade.
Testing was conducted on a range of mixes and determined that a difference of approximately
30 gyrations resulted in a change in voids in mineral aggregate (VMA) of approximately 
1 percent. Similarly, a change of approximately 25 gyrations resulted in a change in mixture
stiffness, as measured by the Superpave shear tester frequency sweep at a constant height test, of
25 percent. However, these data were not verified for field conditions.

NCHRP Project 9-9(1) was conducted to verify the Ndesign levels in the field. Samples were
collected, tested, and analyzed from 40 field projects at the time of construction. The projects
were selected in 16 states. The projects represent a wide range of traffic levels, binder grades,
aggregate types, and gradations. A mobile lab was taken to each of the project sites so that mix
could be compacted in the field without reheating. Two gyratory compactors were used to
compact samples in the field: a Pine Model AFG1a and a Troxler Model 4141. Each project was
cored at the time of construction and at 3 months, 6 months, 1 year, 2 years, and 4 years after
construction. Visual condition surveys were conducted in conjunction with the coring.

Analyses of the pavement densification data produced a number of important findings:

• 55 percent of the pavements tested had as-constructed densities less than 92 percent of Gmm.
• The majority of the pavement densification occurred in the first 3 months after construction.
• The month of construction significantly affected pavement densification. Pavements constructed

in late spring or early summer tended to densify more than average, and pavements constructed
in early spring or the fall tended to densify less than average.

• The ultimate densities of the pavements evaluated in this study were obtained after 2 years of
traffic.

• A fair relationship was found between the as-constructed density of the pavement and the
density after 2 years of traffic or ultimate density.

1
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• Based on data collected at the 2000 National Center for Asphalt Technology (NCAT) Test Track,
Superpave mixes containing modified binders (Performance Grade [PG] 76-22) densified
25 percent less and rutted 60 percent less than mixes containing neat (i.e., unmodified) 
PG 67-22. The modified mixes had an average reduction in air voids after 10 million equivalent
single axle loads (ESALs) of 4.1 percent, while the unmodified mixes had an average reduction
of 5.6 percent. The modified mixes had an average rut depth of 1.7 mm, while the unmodified
mixes had an average rut depth of 4.1 mm.

One of the premises of hot mix asphalt design is that the density of the laboratory-compacted
samples used to determine the optimum asphalt content should approximate the ultimate density
of the pavement. If the ultimate density of the pavement is too low, the durability of the pavement
will be reduced, and if the ultimate density of the pavement is too high (more than 98 percent Gmm),
the pavement will tend to bleed or rut. The ultimate in-place densities of the pavements evaluated
in this study were approximately 1.5 percent less than the densities of the laboratory-compacted
samples at the agency-specified Ndesign. This would indicate that the laboratory compaction effort
is too high. Testing conducted by the Asphalt Institute as part of the Ndesign II experiment would sug-
gest that the higher-than-designed in-place air voids would reduce pavement shear stiffness by
approximately 23 percent.

The number of gyrations to match the ultimate in-place density was calculated for each
project in this study. The calculated values for the two compactors used in this study differed
by approximately 20 gyrations. This difference was attributed to differences in the dynamic
internal angle. The predicted gyrations adjusted to a dynamic internal angle of 1.16 degrees
showed good agreement between the two machines. The dynamic internal angle of all gyra-
tory compactors should be set to 1.16 degrees.

A relationship was developed between predicted Ndesign and design traffic for the projects
that were not constructed using PG 76-22. Although there was a great deal of scatter in the
data, this scatter was expected. The predicted gyration levels were generally less than those cur-
rently specified. Predicted gyrations to match ultimate density for mixes 50 mm below the
pavement surface were approximately 30 gyrations less than those for the surface mixes at the
2000 NCAT Test Track.

A model was developed relating the 2-year or ultimate pavement density (expressed as a
percentage of the laboratory density of samples compacted to Ndesign = 100 gyrations) to as-
constructed density, high PG, and the log of the accumulated ESALs after 2 years. Using this
model, the percentage of laboratory density was predicted for pavements compacted to 92 per-
cent of Gmm, using both PG 64-22 and PG 76-22 and a range of traffic levels. The number of gyra-
tions required to match a given percentage of laboratory density was approximately the same for
each of the 40 projects, with a standard deviation of approximately eight gyrations. The average
number of gyrations for each percentage of laboratory density was then regressed against the
variables that were used to predict the percentages of laboratory density (as-constructed density,
high PG, and 2-year ESALs) to determine a new model. Since the as-constructed density was held
constant at 92 percent, this variable dropped out of the model. The new model could then use
the anticipated high PG and design traffic to predict Ndesign. The Ndesign levels determined with this
model for PG 64-22 were slightly higher than those determined to match the ultimate density of
the pavement, particularly at the lower traffic levels. However, both analyses indicated lower
gyration levels than those currently specified. The Ndesign levels for mixes using PG 76-22 are
approximately 15 gyrations less than the Ndesign levels for mixes using PG 64-22. A reduction in
Ndesign for modified mixes is supported by both testing conducted as part of the Ndesign II experi-
ment by the Asphalt Institute and by data from the NCAT Test Track. The test track data indicated
that modified mixes densified approximately 25 percent less under traffic. Mixture stiffness
testing conducted during the Ndesign II experiment suggested that changing the binder grade from



PG 70-22 to PG 76-22 resulted in a change in shear stiffness equivalent to changing Ndesign by
30 gyrations. This methodology was selected to recommend new Ndesign levels. This method was
preferable to the other methods, since the low as-constructed densities could be accounted for
and the gyration levels could be adjusted for binder grades of PG 76-XX or stiffer.

The concept of the locking point—defined as the gyration at which the aggregate skeleton
“locks” together and further compaction results in aggregate degradation and very little addi-
tional compaction—was evaluated as a potential alternative to Ndesign; four methods of deter-
mining the locking point gyration were tested. The original method, developed by Bill Pine, is
referred to as the 3-2-2 locking point. It uses the first gyration in a series of three gyrations of
equal sample height that immediately followed two sets of two gyrations of equal sample
heights, as shown in Figure S.1. This original method gave the best results of the four methods
tested. The specimen density determined at this 3-2-2 locking point was correlated to the
ultimate pavement density. The correlation was weak; 36 of the 40 3-2-2 locking point densi-
ties exceeded the ultimate pavement density. Thus, conservatively, the optimum asphalt content
of an HMA mix could be selected to produce 96 percent of Gmm at the 3-2-2 locking point as an
alternative to Ndesign. However, the variance in the locking point at various asphalt contents was
not evaluated in this study.

All of the field projects in this study were very rut resistant. The maximum observed rutting
for the field projects was 7.4 mm, with an average rut depth for all of the projects of 2.7 mm after
4 years of traffic.

The requirements for Ninitial and Nmaximum were also evaluated. One or more sample densities at
the agency-specified Ninitial failed the Ninitial requirements (which are a function of design traffic)
for 11 of 40 projects. The majority of the failures occurred with fine-graded mixes having design
traffic levels in excess of 300,000 ESALs. The mix was reported as being tender for only one of
the pavements that failed Ninitial. Historically, contractors have been able to deal with tender mixes.
Since all pavements were rut resistant, Ninitial does not appear to indicate rutting potential. At the
agency-specified Nmaximum, the density of at least one sample from 25 of 40 projects exceeded
98 percent Gmm. Failures for 10 of these projects may have been due to extrapolation. However,
as noted previously, all of the projects were extremely rut resistant. This indicates that the Nmaximum

requirements are not indicative of rutting potential and should be eliminated.
New Ndesign levels are recommended based on all of the analyses conducted. Ndesign levels are

recommended for binders with high temperature grades less than PG 76 and binders with high
temperature grades of PG 76 or greater. The recommended Ndesign levels closely follow the numbers
determined from the model described previously. The results from the model are slightly more con-
servative (i.e., higher) than those determined to match the ultimate density. The Ndesign levels are
based on having all gyratory compactors set to a dynamic internal angle of 1.16 degrees. Table S.1
shows the proposed Ndesign levels for an SGC dynamic internal angle (DIA) or 1.16 ±0.02 degrees.
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Reducing Ndesign will tend to allow contractors to design mixes that can be more readily
compacted in the field. This should improve in-place density. It may not, however, result in an
increase in the optimum asphalt content. If the contractor were to use the same aggregate type
and gradation, then VMA and the optimum asphalt content would increase with lower gyration
levels. However, most contractors would tend to adjust their gradations to reduce VMA, leaving
some cushion above the minimum value, to produce a more economical mix. This cushion may
tend to be slightly larger with lower Ndesign values. If a larger increase in optimum asphalt content
is desired, the reduction in Ndesign should be accompanied by a small increase in minimum VMA.
An increase in minimum VMA of 0.5 percent accompanied by the proposed reductions in Ndesign

would tend to improve the compactability of the mix in the field and increase the optimum
asphalt content.

20-Year Design Traffic, 
ESALs 

2-Year Design Traffic, 
ESALs 

Ndesign for 
binders  

< PG 76-XX 

Ndesign for 
binders 

≥ PG 76-XX 
or mixes 
placed  

> 100 mm 
from surface 

< 300,000 < 30,000 50 NA 
300,000 to 3,000,000 30,000 to 230,000 65 50 

3,000,000 to 10,000,000 230,000 to 925,000 80 65 
10,000,000 to 30,000,000 925,000 to 2,500,000 80 65 

> 30,000,000 > 2,500,000 100 80 

Table S.1. Proposed Ndesign levels for an SGC DIA 
of 1.16 ±0.02 degrees.
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1.1 Background

The Superpave mix design system, a product of the
Strategic Highway Research Program (SHRP), was released in
1994. The Superpave mix design system for hot mix asphalt
(HMA) includes binder specifications, aggregate property
specifications, design gradation ranges, a laboratory com-
paction procedure, specifications for volumetric properties,
and an evaluation of moisture sensitivity. These specifications
are to act in concert to provide a system of checks and bal-
ances to ensure that the resulting HMA is durable and rut
resistant. Durability includes such performance parameters
as resistance to low temperature and age-related cracking,
resistance to raveling or other surface wear, and resistance
to moisture damage. Rut resistance refers to resistance to
permanent deformation resulting from shear flow of the
HMA; it does not include permanent deformation or rutting
of the subgrade due to insufficient pavement structure. The
Superpave mix design system accounts for differing traffic
and environmental conditions.

Central to the Superpave mix design system is the Super-
pave gyratory compactor (SGC). The SGC is used to compact
trial HMA mixtures to a design number of gyrations in the
laboratory in order to allow an evaluation of the volumetric
properties of the compacted sample. The volumetric proper-
ties evaluated include air voids, voids in mineral aggregate
(VMA), voids filled with asphalt (VFA), and ratio of dust to
effective binder content. Two additional parameters are
included to examine the rate of densification: density at an
initial number of gyrations (Ninitial) and density at a maxi-
mum number of gyrations (Nmaximum). The laboratory design
air void content is supposed to be related to the ultimate field
density of the HMA.

The overall performance of an HMA pavement depends
highly on the pavement structure and the construction quality.
The pavement structure is evaluated in the pavement thickness

design procedure, which is a separate topic. The ability to
construct the HMA pavement layers should be, as much as pos-
sible, considered in the mix design procedure. The purpose of
this research was to verify the relationship between laboratory
testing and field performance with regards to the SGC and,
where needed, to provide alternative recommendations.

1.2 Research Problem Statement

When the Superpave mix design system was initially
released in 1994, it included 28 different design gyration
(Ndesign) levels for the SGC, representing seven traffic levels
for each of four climates (1). Traffic levels were represented
by 18-kip equivalent single axle loads (ESALs) accumulated
during a 20-year design life. Differing climates were repre-
sented by the average 7-day high air temperature for the proj-
ect site. Ndesign increased as either design ESAL or high
air temperature increased.

In 1999, the Federal Highway Administration (FHWA)
Superpave Mixture Expert Task Group recommended a con-
solidation of the original 28 Ndesign levels to four Ndesign levels.
The consolidation eliminated differing Ndesign levels for dif-
fering climates and reduced the design traffic to five ranges,
two of which use the same Ndesign level. This consolidation
was primarily based on research conducted in two studies
(2, 3). One of the studies did not address the magnitude of
the Ndesign levels with respect to field performance, but rather
differences in the gyration levels that resulted in significant
differences in the resulting volumetric properties (2). The
other study was based on variations in mixture stiffness as a
function of Ndesign (3). The American Association of State
Highway and Transportation Officials (AASHTO) adopted
the recommended changes to the SGC compaction proce-
dure of the Superpave mix design procedure in 2000 (4).

There is still concern that the current Ndesign levels do not
maximize field performance. The optimum asphalt content
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for a given blend of materials is selected at 4 percent air voids,
based on laboratory samples compacted to Ndesign, assuming
that the resulting mixture meets the other criteria of the
Superpave mix design system. The asphalt content of HMA is
critical to the mixture’s performance: if there is too much
asphalt, the mixture is likely to suffer excessive permanent
deformation; if there is too little asphalt, field compaction
may be difficult and the pavement may develop premature
cracking, raveling, and/or other distresses related to lack of
durability. The locking point concept has been proposed as an
alternative to Ndesign. The locking point is believed to represent
the point where the aggregate skeleton “locks” together and
further compaction results in aggregate degradation and very
little additional compaction.

1.3 Objective

The three objectives of this research were (1) to evaluate
the field densification of pavements designed using the
Superpave mix design system, (2) to verify or determine the

Ndesign levels to optimize field performance, and (3) to evalu-
ate the locking point concept.

1.4 Scope

This study included a literature search and extensive
laboratory and field testing. Samples were collected, tested,
and analyzed from 40 field projects at the time of construc-
tion. The field projects were selected in 16 states. The proj-
ects represent a wide range of traffic levels, binder grades,
aggregate types, and gradations. Each project was visited at
five time intervals after construction: 3 months, 6 months,
1 year, 2 years, and 4 years. Coring and distress surveys were
conducted at each evaluation interval. In total, approxi-
mately 4,085 SGC samples and 5,670 cores were tested.
Data obtained from the SGC samples and field cores, as well
as traffic data provided by the agencies, were analyzed to
provide recommendations for the Ndesign compaction levels
and for the use of the locking point as an alternative 
to Ndesign.
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Chapter 2 presents a summary of the literature review
designed to introduce the reader to the evolution of mix
design, field densification under traffic, Ndesign, and the lock-
ing point. The complete literature review is presented in
Appendix A.

2.1 Brief History of Mix Design

The first HMA (actually sand asphalt) was placed in the
United States in 1876. Initially, optimum asphalt content was
selected by experience. Several proprietary mixes were devel-
oped and widely used. As the popularity of HMA grew, there
developed a need for standardized tests to assist with the
design and control of HMA. This was partially because there
were no longer enough experienced individuals to make deci-
sions regarding the adequacy of a mix (5, 6).

One of the first tests applied to the determination of
optimum asphalt content was the pat test, basically a visual
assessment of the residual asphalt that has been pressed into
a fresh sample of HMA, on a piece of manila paper (7).
Hveem (5) recognized the relationship between aggregate
gradation and optimum asphalt content: finer mixes gener-
ally required higher optimum asphalt contents because they
have more surface area. In the 1930s, researchers began to
look for a laboratory compaction procedure that would
produce sample densities similar to the ultimate density of
the in-place pavement. Pavements were observed to densify
under traffic for a period of 2 to 3 years or more. Later, this
search was expanded to include a laboratory compaction pro-
cedure that would produce samples with the same mechanical
properties as field-compacted HMA (5, 8–12).

The most widely recognized study of this nature was that
conducted by the U.S. Army Corps of Engineers during the
development of the Marshall mix design procedure. More
than 214 test sections representing 27 mixes were placed and
tested with accelerated loading. Three wheel loads were used:
15,000 lb, 37,000 lb, and 60,000 lb; 3,500 passes were applied
with the 15,000-lb load, and 1,500 passes were applied with

the remaining two loads. The filler content and asphalt con-
tent of each mixture were varied at three levels. Based on field
performance, optimum asphalt content for each mixture was
recommended. The laboratory compaction effort that pro-
duced an optimum asphalt content that best matched those
determined in the field was 50 blows on each face (9, 10).

Hveem (5) placed less emphasis on sample air voids and
more emphasis on stability, but recognized the importance of
air voids as they relate to durability. Texas conducted studies
with the Texas Gyratory Compactor during the 1940s to ver-
ify that the laboratory compaction effort matched the ultimate
pavement density. The density of cores taken 1 to 12 years after
construction averaged 0.8 percent lower than the laboratory
samples. The U.S. Army Corps of Engineers developed its
Gyratory Testing Machine (GTM) in response to even higher
(up to 350 psi) tire pressures on military aircraft (8, 13, 14).

A general summary of the early design philosophies might
be that HMA should be designed with the highest asphalt
content (for durability) that does not result in premature sta-
bility or rutting problems. Marshall emphasized the impor-
tance of minimizing VMA by using the densest aggregate
structure possible (6).

2.2 Field Densification 
of Asphalt Pavements

Numerous studies have been conducted to monitor the
densification of in situ pavements (9, 15–29). Generally, pave-
ments were believed to reach their ultimate density under
traffic after 2 to 3 years, with most of the densification occur-
ring in the first year. Some studies observed densification over
a longer period of time (up to 10 years). Attempts were made
to relate field densification to laboratory compaction, partic-
ularly with the Marshall method.

In the late 1970s and the 1980s, rutting problems became
more prevalent in the United States. This prevalence is some-
what attributed to the use of radial tires and increased tire
pressures on trucks. To address these concerns, $50 million
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was devoted to asphalt research in SHRP, which was autho-
rized by the Surface Transportation and Uniform Relocation
Assistance Act of 1987 (1). Superpave was a product of SHRP.

2.3 Gyratory Compaction

The gyratory compactor was selected for routine use in the
Superpave mix design system because (1) it can produce sam-
ples with similar mechanical properties as field-compacted
HMA, and (2) it is convenient (30–32). Further, the French
indicated a relationship between the number of gyrations and
the layer thickness and number of roller passes in the field.
The operational characteristics of the French Gyratory Com-
pactor were adopted, with the exception that the speed of
gyration was increased to 30 rpm (33).

2.4 Ndesign

2.4.1 SHRP Ndesign Experiment

An experiment was conducted through SHRP to deter-
mine Ndesign (30, 34). The premise of the experiment was
threefold: (1) there was a relationship between pavement
densification and accumulated traffic, (2) there was a
relationship between the densities of samples compacted in
the SGC and in-place densities, and (3) there was a linear
relationship between Ndesign and design traffic. Fifteen pave-
ments, representing three climatic regions and three traffic
levels, that had been in service for more than 12 years were
cored (one core each). The density of the cores was meas-
ured and the asphalt extracted to recover the aggregate. The
density at the time of construction was unknown and
assumed to be 92 percent. No relationship was observed
between pavement density and traffic for the lower lifts
(more than 100 mm); therefore, these samples were not
tested (34). The recovered aggregate was remixed with
virgin asphalt and two samples compacted to 230 gyrations
for each mix. The number of gyrations that matched the 
in-place density was backcalculated. A relationship was
developed between design traffic ESALs and Ndesign. How-
ever, it was found that the angle of gyration of the SGC was
1.3 degrees, not the specified 1.0 degree. Therefore, the
aggregates were again recovered, remixed, and compacted
in the SGC, now set to an angle of gyration of 1 degree.
From this experiment, a table of Ndesign levels for three cli-
mates and seven traffic levels was developed (30, 34). Later
the SHRP researchers expanded this table to four climates
(30). Late in SHRP’s duration, the angle of gyration was
changed to 1.25 degrees. The Ndesign levels were not altered
at this time, even though angles had been demonstrated to
affect Ndesign (30).

2.4.2 Validation of Ndesign After SHRP

When Superpave was first released, researchers and agen-
cies compared the results from the Superpave system using
the SGC with the design systems they were familiar with,
most frequently the Marshall system. The SGC was found to
generally produce lower VMA and, therefore, lower optimum
asphalt contents than the Marshall system did (29, 35–37).

Research indicated that significant differences did not exist
between mix properties resulting from many of the Ndesign lev-
els that were close together (2, 38, 39). Inconsistencies were
observed between the density at Ndesign backcalculated from
Nmaximum (which was the method originally recommended in
the Superpave system) and the density of samples compacted
to Ndesign (39, 40).

Two significant studies were conducted to verify and refine
Ndesign: NCHRP Project 9-9, conducted by NCAT of Auburn
University (2), and the Ndesign II experiment, conducted by the
Asphalt Institute and the University of Texas at Austin (3).
NCHRP Project 9-9 focused on developing guidelines for
gyratory compaction. Specific areas of guidance included the
following (2):

1. Consolidation of the Ndesign table,
2. Mix design procedures for large-stone and gap-graded

mixes,
3. Potential for using the compaction temperature for short-

term aging of samples for volumetric design,
4. Appropriate Ndesign as a function of depth, and
5. Validity of the Ninitial and Nmaximum criteria.

Buchanan (39) conducted much of the research that sup-
ported NCHRP Project 9-9. The first objective was evaluated
by examining the effect of Ndesign on volumetric properties. An
evaluation of the parameters of the SGC (gyration angle, ver-
tical pressure, and gyration speed) was not included in this
research.

An experimental matrix—including four aggregate sources,
two gradations, and six Ndesign levels—was developed for the
NCHRP 9-9(1) research. The four aggregate sources included
New York Gravel, Georgia Granite, Alabama Limestone, and
Nevada Gravel. Both gradations were 12.5 mm nominal max-
imum aggregate size (NMAS), but one was fine-graded and
the other was coarse-graded; neither gradation passed
through the restricted zone. The six gyration levels consisted
of the lowest level (68) and highest level (172) in the original
Ndesign table, three intermediate gyration levels (93, 113, and
139), and 40 gyrations. Based on previous work, it was felt
that a lower level of gyrations may be required for low-
volume roads. A single-binder, PG 64-22 sample was used in
the experiment. Three asphalt contents were used to bracket
Ndesign. The samples were compacted to Ndesign (not Nmaximum).

8



Separate samples were compacted to Nmaximum for three Ndesign

levels and compared with results from the Asphalt Pavement
Analyzer. Some of the samples did not meet all of the volu-
metric requirements.

The data indicated that optimum asphalt content, VMA,
and VFA all decreased with increasing Ndesign, and the
coarse-graded mixes were more sensitive than the fine-
graded mixes were. Analysis of variance (ANOVA) was per-
formed to determine which of the experimental factors
affected the VMA. All of the main factors (e.g., Ndesign,
aggregate source, and gradation) and their interactions
were significant. Duncan’s multiple-range comparison pro-
cedure was conducted to compare the measured VMA
resulting from the differing Ndesign levels. The analyses were
conducted separately for the coarse-graded and fine-graded
mixes. For both gradations, the differing Ndesign levels used
in this study resulted in significantly different VMA at the
5-percent significance level.

An evaluation was performed of the need for the differing
gyration levels for the differing climatic zones in the Ndesign

table. The argument was made that the average 7-day maxi-
mum temperature is less than 39°C for the majority of the
United States. Further, where higher temperatures exist, a
stiffer binder would likely be used. Using a Student’s t-test,
statistical comparisons were conducted between the resulting
VMA calculated for each aggregate source and the gradation
between the Ndesign climatic extremes for a given traffic level
(e.g., 68 versus 82 gyrations, respectively, for less than 39°C
and 43–45°C). No significant differences were observed for
41 of 56 comparisons. For the 15 comparisons that were
significant, the average absolute difference in VMA was
0.57 percent. Based on these analyses, the differing Ndesign

levels as a function of climate were eliminated from the Ndesign

table, collapsing the table from 28 to 7 levels.
Since the coarse-graded mixes were more sensitive to Ndesign

than the fine-graded mixes were, the VMA results for the
coarse-graded mixes were evaluated to further consolidate the
Ndesign table. The average difference in VMA between Ndesign

levels was 0.32 percent for the coarse-graded mixes and 0.18
percent for the fine-graded mixes. A VMA range of 1 percent
was selected for differing Ndesign levels. This would result in a

difference in optimum asphalt content of approximately
0.45 percent for the coarse-graded mixes. Thus, three levels of
Ndesign were proposed: 70, 100, and 130 gyrations. A fourth
Ndesign level, 50 gyrations, was proposed for low-volume roads.

None of the mixes included in this study failed to meet the
Nmaximum criterion. Further, it was determined that compact-
ing samples to Nmaximum and backcalculating the volumetric
properties at Ndesign can result in errors of up to 0.8-percent
air voids. Therefore, it was recommended that samples be
compacted to Ndesign for the determination of volumetric
properties. Separate samples could be compacted to Nmaximum

after the optimum asphalt content is determined. Table 2.1
presents the recommended revised Ndesign table (2, 39).

The Ndesign II experiment was the other major effort to
verify Ndesign. Anderson et al. (3) conducted an evaluation of
Ndesign based on the sensitivity of mixture stiffness to changes
in Ndesign. This research had four tasks:

1. Examine the performance of in-place Superpave pave-
ments designed with the original SHRP Ndesign table.

2. Select a performance test for rutting.
3. Determine the sensitivity of the performance test to

changes in Ndesign.

4. Recommend a new Ndesign table.

Six Superpave mix designs were developed using two aggre-
gate types—crushed limestone and crushed gravel—and three
Ndesign levels—70, 100, and 130 gyrations.All of the mixes were
12.5 mm NMAS. The gradations of the three blends for each
aggregate source were varied to produce a VMA slightly above
the minimum (14.0 percent). This was done based on the
assumption that because the binder is the most expensive
component of HMA, the mix designers will alter the gradation
to reduce VMA as Ndesign decreases. The resulting mixes had
measured VMA ranging from 14.2 to 14.6 percent and opti-
mum asphalt contents of either 4.6 or 4.7 percent. Samples
were produced with a single unmodified PG 70-22.

The rutting properties of the mixes were evaluated using
two tests performed in the Superpave Shear Tester (SST): fre-
quency sweep at constant height (FSCH) and repeated shear
at constant height (RSCH). FSCH is conducted by applying
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Gyration Levels Design 
Traffic 
Level 

(million 
ESALs) 

Ninitial Ndesign Nmaximum 
% Gmm at 

Ninitial 
% Gmm at 
Nmaximum 

< 0.1 6 50 74 < 91.5 
0.1 to < 1.0 7 70 107 < 90.5 
1.0 to < 30.0 8 100 158 < 89.0 

> 30.0 9 130 212 < 89.0 

< 98.0 

Table 2.1. Revised Ndesign table proposed by NCHRP 
Project 9-9 (2, 39).



to the samples a small shear stress that results in a shear strain
of less than 0.0005 kPa. Tests are conducted at 10 frequencies:
10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 Hz. Highway traf-
fic speeds are generally represented by the results at 10 Hz.
The complex shear modulus (G∗) is the ratio of the applied
shear stress to the resulting shear strain. Higher G∗ values at a
given temperature indicate a stiffer mix. FSCH testing was
conducted at two temperatures, 50°C and 60°C. RSCH is
performed by applying a haversine shear stress of 69 kPa with
a 0.1-second load and a 0.6-second rest period (1.4 Hz) for
5,000 cycles. The test result is reported as the accumulated
permanent shear strain after 5,000 cycles. Testing was con-
ducted at 60°C.

It was observed that G∗ (10 Hz) was significantly higher for
the limestone aggregate than for the gravel aggregate. Based
on data reported in the paper, the limestone mixes were 65,
60, and 36 percent stiffer than the gravel mixes were when
designed at 130, 100, and 70 gyrations, respectively. For a
given aggregate, there were no significant differences between
the stiffness of the mixes designed at 100 and 130 gyrations.
G∗ (10 Hz) was lower, 18 percent for the limestone mixes and
3 percent for the gravel mixes, for both aggregate mixtures
designed with Ndesign = 70 gyrations as compared to Ndesign =
100 gyrations. There was a general trend of decreasing shear
stiffness with decreasing Ndesign. It was believed that this trend
is related to changes in the aggregate skeleton. For the RSCH
test, the limestone aggregate was again identified as being
more rut resistant. However, no significant differences were
noted between the accumulated shear strain from the RSCH
test for the mixes designed at different Ndesign levels.

The second part of the study was conducted to examine the
sensitivity of VMA to Ndesign. In this phase, the mixes that were
designed at one gyration level were compacted at the other
gyrations levels without adjusting the asphalt content or
gradation. This resulted in varying VMA and consequently air
voids. Similar results to those observed in NCHRP Project 
9-9 were noted in terms of change in VMA with change in
Ndesign. Good correlations were found between air voids and
G∗. The mixes were most sensitive in the range of 3- to 
6-percent air voids, with an increase in air voids from 4 to
5 percent resulting in an average decrease in stiffness of
20 percent. Finally, the authors note that, according to expe-
rience, an increase in one high-temperature binder grade, say
from PG 70 to PG 76, will result in the same increase in mix
G∗ as a change of 30 gyrations.

In 1999, at a meeting of the FHWA Superpave Mixtures
Expert Task Group, Dr. Ray Brown and Mr. Mike Anderson
presented the results of their respective studies on Ndesign.
Based on that meeting, a new Ndesign table was recommended
and adopted by AASHTO in 2001. The revised Ndesign table
from AASHTO PP28 is shown in Table 2.2 (41). In 2004,
AASHTO PP28 was adopted as AASHTO M323 (4).

Colorado DOT conducted a study that indicated that in-
place air voids after 5 to 6 years of traffic were higher than
those obtained at Ndesign using the SGC. Lower design gyra-
tions or design air void contents were recommended (42). A
study for Georgia DOT indicated that the design VMA of
12.5-mm NMAS Superpave mixes was approximately 2 per-
cent less than Marshall-designed mixes with corresponding
aggregate sources (43). Studies attempting to relate the den-
sity at the end of service life to the density at Ndesign gyrations
have been criticized (44). Partially, this criticism is because
compaction in the field at the time of construction and under
traffic tends to be a constant stress mode where as com-
paction in the SGC is a constant strain mode. Further, because
mixtures are compacted in the SGC at an equiviscous
compaction temperature, the SGC does not account for
differences in binder stiffness, which have a profound effect
in the field (44).

2.5 Locking Point

Illinois DOT developed an alternative to Ndesign termed the
“locking point” concept to prevent the overcompaction of,
and subsequent aggregate degradation in, the SGC (45). The
locking point—defined as the gyration at which the aggregate
skeleton “locks” together and further compaction results in
aggregate degradation and very little additional compaction—
was likened to the growth curve conducted to determine the
maximum number of roller passes in the field before the
increase in in-place density leveled off or decreased. It was
noted that mixes are not compacted with the same number of
passes in the field because each mix is different. Rolling was
stopped at the peak density before excessive aggregate degra-
dation occurred.

The locking point concept was developed from compar-
isons made between three years of Marshall and Superpave
data and field growth curves (45). Initially, the Illinois lock-
ing point was defined as the first gyration in a set of three
gyrations of the same height that was preceded by one set of
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Compaction Parameter Design ESALs 
(millions) Ninitial Ndesign Nmaximum

< 0.3 6 50 75 
0.3 to < 3 7 75 115 
3 to < 30 8 100 160 

≥ 30 9 125 205 

Table 2.2. Superpave gyratory compaction effort (41). 



two gyrations of the same height (each 0.1 mm taller than the
set of three gyrations), as illustrated in Figure 2.1. The lock-
ing point was believed to indicate the development of some
degree of coarse aggregate interlock and be related to the
density achieved in the field growth curves. The standard
deviation of the number gyrations equal to the locking point
was less than the standard deviation of the number of gyra-
tions to obtain 4-percent air voids.

Vavrik and Carpenter (46) refined the definition of the lock-
ing point to be the first gyration in the first occurrence of three
gyrations of the same height preceded by two sets of two gyra-
tions with the same height (each 0.1 mm taller than the set of
three gyrations), as illustrated in Figure 2.2 and Table 2.3.
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Figure 2.1. Initial Illinois locking point
definition (45).
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Figure 2.2. Revised Illinois locking point definition—
3-2-2 locking point (46).

Gyration 
Height 
(mm) 

61 111.9 
62 111.9 
63 111.8 
64 111.8 
65 111.7 
66 111.7 
67 111.6 
68 111.6 
69 111.5 
70 111.5 
71 111.4 
72 111.4 
73 111.3 
74 111.3 
75 111.2 

76 111.2 
77 111.2 
78 111.1 
79 111.1 
80 111.0 
81 111.0 
82 110.9 
83 110.9 
84 110.8 
85 110.8 
86 110.8 
87 110.7 
88 110.7 
89 110.7 
90 110.6 

The italicized heights were used
to determine the locking point,
and the boldfaced height is the
locking point. 

Table 2.3. Sample gyratory height data illustrating
locking point determination (46).

2.6 Summary

The literature indicates that there is still concern that the
Ndesign levels have not been optimized to maximize field per-
formance. The original Ndesign table was based on a limited
data set for which the as-constructed densities were not
available. The Ndesign table was consolidated based on a labo-
ratory study designed to evaluate the sensitivity of volu-
metric properties to Ndesign. There is a need to verify the
current Ndesign values and relate them to field densification
and performance.
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In 1999, following the research of NCHRP Project 9-9, the
Ndesign table was revised and consolidated from 28 to 4 levels.
However, this consolidation was based on the sensitivity to
Ndesign of both (1) volumetric properties and (2) a perform-
ance test for rutting; it was not tied to field performance.
There is still concern that the Ndesign levels, in some cases, may
be too high. Two states have adopted a single gyration level to
design mixes; one of these levels has been successfully used for
more than 4 years (47, 48). Therefore, there is a need to vali-
date the Ndesign levels with respect to field performance.

In order to validate the Ndesign levels, an extensive field
research project—NCHRP Project 9-9(1)—was conducted to
relate Ndesign to the in-place densification of pavements under
various traffic loadings while monitoring field performance.
The approach selected for this project was similar to the
approach used by Brown and Mallick (29). Experimental vari-
ables for the project included Ndesign level, lift thickness relative
to NMAS, gradation, and PG. The experimental variables were
selected on the basis of their suspected impact on initial field
compaction, densification under traffic, rutting performance,
or a combination thereof. The original experimental plan is
shown in Table 3.1. Forty projects were required to fill the
experimental plan. The projects were geographically distrib-
uted across the United States, as shown in Figure 3.1.Attempts
were made to identify projects in the southwestern and north-
eastern United States. However, projects in the southwest were
typically overlaid with open-graded friction course and, there-
fore, were not suitable for the study. Also, projects could not
be identified in the northeast that could be sampled during the
required timeframe. In 2000, 22 projects were visited and
samples were obtained and tested. In 2001, the remaining
18 projects were visited and samples were obtained and tested.
All of the mixes sampled were surface mixes.

For each project, the following testing and evaluation pro-
cedure was conducted:

1. Samples of loose mix were taken from a truck at the asphalt
plant; the corresponding location where the remainder of

the mix was placed on the roadway was marked. Where
possible, three samples were taken from each project, but
in some cases only two could be obtained.

2. Three replicate specimens (i.e., gyratory samples) were
compacted to two different gyration levels, 100 and 160,
without reheating, using two different SGCs in a mobile
laboratory. Twelve SGC specimens per production sample,
or 24 to 36 specimens per project, were compacted.

3. Samples were split and boxed for determination of maxi-
mum specific gravity (Gmm), asphalt content, and gradation.

4. Three cores were taken from the right wheel path of the
area marked on the roadway where the mix corresponding
to a given sample was laid. Thus, there were six cores (for
two samples) or nine cores (for three samples) per project
at the time of construction.

5. Gyratory specimens, cores, and loose mix were brought
back to NCAT for testing to determine Gmm, asphalt con-
tent, and gradation.

6. The following tests were run at the NCAT laboratory:
a. Specific gravity of compacted sample (Gmb) by AASHTO

T166,
b. Gmm by AASHTO T209,
c. Asphalt content determination by AASHTO T164, and
d. Washed gradation analysis by AASHTO T30.

7. The sites were revisited at approximately 3 months,
6 months, 1 year, and 2 years after construction. During
each visit, the following steps were taken:
a. Three additional cores were taken corresponding to

each sample location at each project.
b. The pavement condition was visually assessed.
c. Rut depth measurements were taken adjacent to each

core location with a 6-ft string line.
d. The cores were shipped back to NCAT for determina-

tion of specific gravity as described above.

Mix design and traffic information were also collected for
each project. Because Brown and Mallick (29) had indicated
a difference between the compacted SGC sample density of
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reheated and laboratory prepared mix, a mobile laboratory
was used at each site so that the SGC samples could be com-
pacted without reheating. Because previous research had
indicated differences in compaction between different brands
and models of SGCs (49, 50), the study used two different
SGCs: a Pine Model AFG1a and a Troxler Model 4141.
Although previous research had identified errors with the
backcalculation procedure (39, 40), it was deemed impossible
to compact samples to all possible Ndesign levels. Two levels,
100 gyrations and 160 gyrations, were selected to minimize

the number of gyrations for which the sample density needed
to be backcalculated.

After 2 years, the project was extended to allow additional
coring 4 years after the pavements were laid. This extension
was done to ensure that the pavements had reached their ulti-
mate density. The same procedure as described in Step 7
above was used at the 4-year interval. The collected traffic, in-
place density, and SGC-compacted sample density informa-
tion was used to evaluate the relationship between Ndesign and
field performance.

Lift Thickness/Nominal Maximum Aggregate Size

2 3 4 

High-Temperature Performance Grade 

 
 

Gyration 
Level 

 
Fine- or 
Coarse- 
Graded 

Normal +1 +2 Normal +1 +2 Normal +1 +2 

F X   X   X   
50 

C X   X   X   

F X   X   X   
75 

C X   X   X   

F X   X X X X X X 
100 

C X   X X X X X X 

F X   X X X X X X 
125 

C X   X X X X X X 

Figure 3.1. Location of NCHRP Project 9-9(1) field studies.

Table 3.1. Original test plan for NCHRP Project 9-9(1).
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4.1 Projects Selected

A summary of the projects selected for the study is shown
in Table 4.1. The data in Table 4.1 are grouped by Ndesign level,
corresponding to 50, 75, 100, and 125 gyrations. Within each
category, the data are sorted by high-temperature binder
grade bumps and actual Ndesign level. The distribution of
factors in Table 4.1 provides some interesting insights on the
use of Superpave at the time the projects were sampled.
Several states were still using the original Ndesign levels. These
projects were grouped with the closest current Ndesign level.
Only one project was identified with an Ndesign of 50 gyrations,
12 projects were identified with an Ndesign of 75 gyrations
(68–86), 18 projects were identified with an Ndesign of 100
gyrations (90–109), and 9 projects were identified with an
Ndesign of 125 gyrations. Although only one project with an
Ndesign of 50 gyrations was sampled, it will be shown later that
the distribution of design traffic meets the intent of the
experimental design.

Three different NMASs were sampled: 9.5 mm (from
11 projects), 12.5 mm (from 26 projects), and 19.0 mm (from
3 projects). The average lift thickness was determined from
the average of the core thickness measurements at the time of
construction. Fine- and coarse-graded mixes were separated
by the percentage of the aggregate passing the 2.36-mm sieve.
Fine-graded mixes are defined as having a higher percentage
of the aggregate passing the 2.36-mm sieve than the maxi-
mum density line. Coarse-graded mixes are defined as having
a lower percentage of the aggregate passing the 2.36-mm sieve
than the maximum density line. Figure 4.1 illustrates the
distribution of lift thickness to NMAS ratio for the fine- and
coarse-graded mixes.

From Figure 4.1, it can be seen that there is a trend for thicker
lifts for coarse-graded mixes. Although the distribution of
lift thickness to NMAS ratio does not exactly match the exper-
imental design, it does indicate a representative distribution
of field practice. Most of the 75-gyration mixes were fine-
graded, while two-thirds of the 100-gyration mixes were

coarse-graded and all but one of the 125-gyration mixes
were coarse-graded. Therefore, it appears that higher-gyration
mixes are more likely to be coarse-graded.

The climatic binder grade for each project was determined
using LTPPBind Version 2.1 (51). The high-temperature grade
bumps were determined by comparing the climatic binder
grade with the grade used on the project. As expected, high-
temperature binder bumps were predominantly found with
higher Ndesign levels. Only two 100-gyration projects were
identified that did not include a binder bump, and all of the
125-gyration projects included at least one high-temperature
binder bump. Therefore, for design traffic levels greater than
3 million ESALs, the majority of state agencies that were
included in this data set are using high-temperature binder
grades that are stiffer than the recommended climatic grade
based on the long-term pavement performance (LTPP) weather
station data. Binder bumps are recommended for slow-moving
traffic (less than 70 km/hr [44 mph]) and for 20-year design
traffic volumes greater than 30 million ESALs (4).

4.2 Test Results

There are several important hypotheses for this project:

• Pavement densification is related to traffic.
• The laboratory design density should match the ultimate

density in the field.
• Therefore, the laboratory compaction effort should be

related to traffic.

Data from the 2000 NCAT Test Track (52) support other
hypotheses:

• Binder grade, particularly modified binders, affect the rate
of densification.

• Densification (which was the majority of the “rutting” that
occurred at the 2000 NCAT Test Track) occurred when the
air temperature exceeded approximately 28°C.

C H A P T E R  4  

Test Results and Analyses
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KY-1 CR 1796 9.5 31.2 3 C N 64 28 64 22 0 50 

NE-1 Hwy 8 12.5 39.8 3 F N 64 28 64 22 0 68 

KY-3 CR 1779 9.5 27.1 3 F N 64 28 64 22 0 75 

MI-2 Hwy 50 9.5 39.9 4 F N 58 28 58 28 0 75 

MI-3 Hwy 52 9.5 32.4 3 F N 58 28 58 28 0 75 

UT-1 Hwy 150 12.5 38.7 3 F M 64 22 64 34 0 75 

NE-3 Hwy 8 12.5 51.2 4 F N 64 28 64 22 0 76 

CO-2 Hwy 82 12.5 53.3 4 F M 64 28 64 28 0 86 

CO-5 Hwy 82 12.5 44.3 4 F M 64 28 64 28 0 86 

AL-5 Hwy 167 12.5 33.7 3 C N 64 16 67 22 0.5 75 

FL-1 Davis Hwy 9.5 34.3 4 C N 64 10 67 22 0.5 86 

CO-1 Hwy 9 19.0 49.6 3 F N 52 34 58 28 1 68 

CO-4 Hwy 13 12.5 47.6 4 F N 58 34 64 28 1 86 

NE-2 Hwy 77 19.0 48.7 3 F N 64 28 64 22 0 96 

MO-2 Hwy 65 12.5 78.8 6 C N 64 22 64 22 0 100 

AL-6 Andrews Rd 19.0 33.0 2 F N 64 16 67 22 0.5 95 

AL-2 Hwy 168 12.5 43.1 3 C N 64 22 67 22 0.5 100 

AL-4 Hwy 84 12.5 54.1 4 C N 64 16 67 22 0.5 100 

AL-1 Hwy 157 12.5 43.2 3 C N 64 16 67 22 0.5 106 

IL-1 I-57 9.5 40.5 4 C M 64 28 70 22 1 90 

IL-2 I-64 9.5 44.5 5 C M 64 22 70 22 1 90 

IN-1 Hwy 136 12.5 44.1 4 C N 58 28 64 22 1 100 

KS-1 I-70 9.5 22.3 2 F M 64 28 70 28 1 100 

TN-1 Hwy 171 12.5 34.8 3 F M 64 22 70 22 1 100 

IL-3 I-70 9.5 45.7 5 C M 64 28 70 22 1 105 

NE-4 I-80 12.5 55.2 4 F M 64 28 70 28 1 109 

AL-3 Hwy 80 12.5 38.0 3 C M 64 10 76 22 2 100 

GA-1 Hwy 13 12.5 44.1 4 F M 64 16 76 22 2 100 

KY-2 I-64 9.5 33.9 4 C M 64 28 76 22 2 100 

WI-1 I-94 12.5 36.3 3 C M 58 28 70 28 2 100 

CO-3 I-70 12.5 50.6 4 C M 64 22 76 28 2 109 

IN-2 I-69 12.5 37.1 3 C N 58 28 64 22 1 125 

MI-1 I-75 9.5 35.6 4 C N 58 28 64 22 1 125 

MO-1 I-70 12.5 51.1 4 C M 64 22 70 22 1 125 

MO-3 I-44 12.5 48.4 4 C M 64 22 70 22 1 125 

AR-1 I-40 12.5 53.5 4 C M 64 16 76 22 2 125 

AR-2 I-55 12.5 51.0 4 C M 64 16 76 22 2 125 

AR-3 I-40 12.5 52.8 4 C M 64 16 76 22 2 125 

AR-4 I-30 12.5 56.8 5 C M 64 16 76 22 2 125 

NC-1 I-85 12.5 45.8 4 F M 64 16 76 22 2 125 

Table 4.1. Summary of projects selected.
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To address the hypotheses, test results are provided as they
relate to the following:

• Evaluation of the validity of the data,
• Estimation of traffic at various sampling intervals,
• Evaluation of densification under traffic,
• Verification of Ndesign, and
• Evaluation of the locking point concept.

4.2.1 Comparison of Mixture Data with
Design Job Mix Formula

Table 4.2 presents the job mix formula (JMF) gradation
and asphalt content for each of the 40 projects. No JMF was
available for project MI-1, which was constructed as a
warranty project. Three solvent extractions were performed
for each sample taken at each project according to
AASHTO T164, resulting in six or nine extractions per
project depending on whether two or three samples were
taken. Washed gradations were performed on the recovered
aggregate according to AASHTO T30. The results from the
six or nine extractions, representing two or three samples,
respectively, were averaged for comparison with the JMF.
Figure 4.2 shows the design versus average field gradations
for the percentage passing the 2.36-mm sieve. The 2.36-mm
sieve is one of the control sieves for Superpave mixes. Lines
have been added to the figure representing ±4.5 percent
from the job mix formula, chosen to represent typical
allowed variability for the average of three samples. Five

projects—KY-2, MI-2, NE-2, NE-3, and UT-1—exceeded the
4.5-percent tolerance on the 2.36-mm sieve. Figure 4.3 shows
the design versus average field gradations for the percent-
age passing the 0.075-mm sieve. Lines have been added to
the figure representing ±1.1 percent of the job mix formula,
a typical tolerance for three samples for the percentage
passing the 0.075-mm sieve. The average percentage
passing the 0.075-mm sieve for 15 projects exceeded the
1.1-percent tolerance. Three projects exceeded the toler-
ance by a large amount: CO-5, MO-2, and UT-1. Generally,
dust content is expected to increase during production.
However, only 7 of the 15 projects exceeding the 1.1-percent
tolerance exceeded it on the high side. Figure 4.4 shows the
design versus average recovered asphalt contents for the
field samples. Lines were added to the figure representing
±0.33 percent asphalt from the job mix formula, a typical
tolerance for the average of three samples. With two excep-
tions, the 15 projects that fell outside of this range were all
on the low side. Solvent extractions were performed, which
may produce lower asphalt contents (incomplete recovery)
compared with the ignition furnace that many agencies
now use. Liquid asphalt is also the most expensive compo-
nent in HMA; contractors may tend to use liquid asphalt in
the least amount allowable by the specifications.

4.2.2 Estimation of Traffic

Initially, traffic at the various sampling intervals was
estimated by dividing the design ESALs reported by the
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Figure 4.1. Frequency distribution of lift thickness to NMAS by gradation.



agency by the design period and then multiplying the
result by the elapsed time since construction. This method
can produce varying degrees of error early in the life
of the pavement depending on the growth rate used for
the traffic. Traffic data were updated to reflect the actual 
traffic levels during the monitoring period. To obtain the
best possible traffic estimates, the following procedure
was used:

1. Determine average annual daily traffic (AADT) for the
year the section was constructed.

2. Determine a growth rate. In some cases, the growth rate
was provided by the agency. In other cases, it was fit from

historical AADT data using Equation 1. The growth rate
was fit using a least squares approach and Microsoft Excel’s
Solver routine.

where:
AADTN � Predicted AADT after N years,

N � number of years between when the project
was constructed and the year of interest,

AADTC � AADT in the year the pavement was
constructed (or repaved), and

i � growth rate.

AADT AADT ( i)N C

N= × + 1 1( )

Sieve Size 

19 
mm  

12.5 
mm  

9.5 
mm  

4.75 
mm  

2.36 
mm  

1.18 
mm 

0.6 
mm  

0.3 
mm  

0.15 
mm  

0.075 
mm  

Project 
ID 

Percent Passing 

Design 
AC 

AL-1 100 96 79 45 32 25 19 11 6 3.4 4.90 
AL-2 100 99 86 47 30 20 15 9 5 3.4 5.30 
AL-3 100 90 75 47 34 22 14 7 4 3.0 5.00 
AL-4 100 93 78 47 34 25 19 12 6 4.3 3.65 
AL-5 100 99 87 57 36 25 18 12 7 4.2 5.00 
AL-6 99 87 78 66 49 38 25 14 7 4.6 5.25 
AR-1 100 96 78 45 31 21 15 11 7 4.8 5.10 
AR-2 100 93 83 40 29 22 16 13 9 5.4 4.90 
AR-3 100 94 83 46 30 20 15 12 8 5.6 5.50 
AR-4 100 95 84 55 37 25 18 11 7 4.6 5.50 
CO-1 99 89 78 59 44 31 22 15 11 7.4 6.10 
CO-2 100 96 85 60 45 34 24 17 11 7.6 5.50 
CO-3 100 94 81 57 35 24 17 13 9 6.4 5.60 
CO-4 100 100 89 56 36 27 20 NR NR 6.5 5.30 
CO-5 100 96 85 60 45 34 24 17 11 7.6 5.50 
FL-1 100 100 97 65 40 29 23 14 9 5.3 5.70 
GA-1 100 98 85 NR 38 NR NR NR NR 5.0 4.80 
IL-1 100 100 99 59 32 22 16 9 5 4.3 5.50 
IL-2 100 98 90 57 34 22 14 9 7 5.5 5.50 
IL-3 100 100 98 57 36 23 14 9 6 4.9 5.33 
IN-1 100 100 91 59 39 NR 15 NR NR 6.0 6.40 
IN-2 100 100 95 58 43 NR 20 NR NR 3.9 5.60 
KS-1 100 100 90 54 38 25 17 11 7 5.0 5.70 
KY-1 100 100 95 69 41 27 19 10 NR 5.0 5.80 
KY-2 100 100 98 67 39 25 18 11 NR 4.5 5.80 
KY-3 100 100 94 69 46 31 21 8 5 4.5 5.60 
MI-1 NA NA NA NA NA NA NA NA NA NA NA 
MI-2 100 100 100 83 63 40 28 19 10 5.7 6.80 
MI-3 100 100 100 80 55 41 31 19 10 5.0 6.20 
MO-1 100 97 85 49 29 17 10 6 4 3.1 5.50 
MO-2 100 98 83 48 31 18 13 10 8 6.7 6.00 
MO-3 100 98 89 52 28 18 12 9 7 5.7 6.00 
NC-1 100 95 89 58 43 33 23 14 9 5.4 5.10 
NE-1 100 95 90 78 49 30 23 12 NR 3.6 5.50 
NE-2 99 90 81 62 41 27 19 11 6 3.4 5.00 
NE-3 100 90 81 71 50 32 25 12 NR 3.5 5.30 
NE-4 100 91 87 73 51 34 23 14 NR 6.1 4.80 
TN-1 100 98 86 58 43 32 22 10 5 4.0 5.10 
UT-1 100 100 89 70 62 45 31 15 NR 6.8 5.40 
WI-1 100 98 90 62 39 26 17 9 5 3.5 5.10 

NA = no data available.
NR = no measurement required.

Table 4.2. Design job mix formula for gradation and optimum
asphalt content (AC).
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3. Determine the percentage of truck traffic. Some agencies
measure a combined percentage of all trucks. Other agen-
cies track separate percentages for single units (such as
cube trucks) and multiple units (such as tractor trailers).
Record the percentage of truck or heavy commercial
vehicle traffic as either a single percentage or a percentage
of single units and multiple units. Multiple units generally
represent vehicles with predominantly tandem axles
except for the steer axle.

4. Determine one or more truck factors to calculate ESALs
from the percentage of heavy vehicles. In some cases,
agencies used either a standard factor for all trucks or
separate factors for single and multiple units. In other
cases, agencies recorded the AASHTO vehicle classifica-
tion or single and tandem axles load spectra. In the latter
cases, a truck factor was calculated by multiplying the
percentage of total repetitions in a load group by the
corresponding equivalent axle load factor for that load
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Figure 4.2. Design versus average field percentage passing the 2.36-mm sieve.

Figure 4.3. Design versus average field percentage passing the 0.075-mm sieve.
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group to determine a composite single-unit factor and
multiple-unit factor.

5. Determine directional distribution and lane distribu-
tion factors. Directional distribution was generally
assumed to be 0.5 unless AADT values were for a single
direction or unless the agency recommended a specific
value. Agency recommendations were used for the lane
distribution factor. If no agency recommendations were
provided, the recommendations from the AASHTO
design guide (53) were used. Table 4.3 shows these
recommendations.

6. The accumulated ESALs at each sampling period, as well
as the ESALs for the specified design period, are calculated
according to Equation 2 or Equation 3.

ESAL (AADT AADT (1 i) ) (ST% SF
MT% MF

C C
N= + × + × ×

+ ×
/ 2

+((100 ST% MT%) CF))
D L 365 N (3)

− − ×
× × × × 

ESAL (AADT AADT (1 i) )
T% TF D L 365 N

C C
N= + × +

× × × × × ×
/ 2

((2)

where:
AADTC � AADT in the year the pavement was con-

structed (or repaved),
i � growth rate,

N � number of years between construction and
sampling time,

T% � percentage trucks,
TF � truck factor to convert trucks to ESALs,
D � directional distribution factor,
L � lane distribution factor,

ST% � percentage single-unit trucks,
SF � single-unit truck factor to convert to ESALs,

MT% � percentage multiple-unit trucks,
MF � multiple-unit truck factor to convert to

ESALs, and
CF � car factor to convert to ESALs.

Table 4.4 summarizes the factors used to calculate the traf-
fic at various sampling periods. Using the data in Table 4.4,
the design traffic at the design interval specified by the
agency and the accumulated traffic at each coring interval
were calculated. The accumulated traffic at each coring
interval was calculated using the actual dates that the cor-
ing occurred and not the targeted intervals (e.g., 3 months,
6 months, 1 year, 2 years, and 4 years). The accumulated
or design traffic for each of these intervals is shown in
Table 4.5.

Figure 4.5 shows a distribution of the 20-year design traffic
for the projects sampled. Although the original experimental

Number of Lanes in Each Direction 
Percentage of 18-kip ESALs in  

Design Lane 
1 100 
2 80–100 
3 60–80 
4 50–75 

Table 4.3. Lane distribution factors.

Figure 4.4. Design versus average field asphalt content.
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Project 
ID 

Roadway 
Number of 
Lanes Both 
Directions 

AADT 
Growth 

Rate 
% 

Trucks 

% 
Single 
Units 

% 
Combo 
Units 

Directional 
Distribution 

Factor 

Lane 
Distribution 

Factor 

Combined 
ESAL 
Factor 

Single- 
Unit 

ESAL 
Factor 

Combo- 
Unit 

ESAL 
Factor 

Car 
ESAL 
Factor 

Design 
Period 
(Yrs) 

AL-1 Hwy 157 4 7,450 2.5% 20.0%   0.5 0.95 0.99    20 

AL-2 Hwy 168 2 7,077 2.5% 10.7%   0.5 1.00 0.99    20 

AL-3 Hwy 80 4 10,870 2.5% 19.0%   0.5 0.90 0.99    20 

AL-4 Hwy 84 2 7,120 2.8% 14.0%   0.5 1.00 0.99    20 

AL-5 Hwy 167 2 3,796 2.5% 10.0%   0.5 1.00 0.99    20 

AL-6 Andrews Rd 2 1,066 3.5% 2.5%   0.5 1.00 0.99    20 

AR-1 I-40 4 31,000 2.4% 27.6% 14.0% 5.3% 0.5 0.90  1.163 3.770 0.0002 20 

AR-2 I-55 4 32,000 4.7% 33.7% 19.3% 7.2% 0.5 0.90  1.163 3.770 0.0002 20 

AR-3 I-40 4 33,000 5.9% 51.8% 29.7% 11.0% 0.5 0.90  1.163 3.770 0.0002 20 

AR-4 I-30 4 22,750 5.1% 47.8% 27.4% 10.2% 0.5 0.90  1.163 3.770 0.0002 20 

CO-1 Hwy 9 4 22,193 1.9%  4.3% 0.5% 0.5 0.90  0.249 1.087 0.0030 10 

CO-2 Hwy 82 4 15,893 2.0%  4.4% 2.0% 0.5 0.90  0.249 1.087 0.0030 10 

CO-3 I-70 Bus. 6 12,581 1.5%  2.6% 0.8% 1.0 0.60  0.249 1.087 0.0030 10 

CO-4 Hwy 13 2 2,279 1.8%  15.3% 10.8% 0.5 1.00  0.249 1.087 0.0030 10 

CO-5 Hwy 82 4 15,893 2.0%  4.4% 2.0% 0.5 0.90  0.249 1.087 0.0030 10 

FL-1 Davis Hwy 5 37,100 3.0% 2.0%   0.5 0.24 0.89    20 

GA-1 Buford Hwy 4 13,924 1.6% 8.3%   1.0 0.90 0.97    20 

IL-1 I-57 4 17,700 3.0%  2.3% 23.7% 0.5 0.90  0.360 1.320 0.0004 20 

IL-2 I-64 4 23,100 3.0%  4.8% 31.6% 0.5 0.90  0.360 1.320 0.0004 20 

IL-3 I-70 4 19,900 3.0%  9.1% 34.2% 0.5 0.90  0.360 1.320 0.0004 20 

IN-1 US 136 2 14,080 2.5% 2.1%   0.5 1.00 1.30    20 

IN-2 I-69 4 30,250 2.3% 27.3%   0.5 0.90 1.30    20 

KS-1 I-70 4 5,461 3.5% 27.8%   1.0 0.88 0.69    20 

KY-1 CR1796 2 211 5.2% 7.9%   0.5 1.00 0.47    20 

KY-2 I-64 4 14,500 2.1% 18.7%   1.0 0.467 1.07    20 

KY-3 CR1779 2 262 4.8% 7.7%   1.0 0.50 0.64    20 

MI-1 I-75 8 60,500 2.2% 5.0%   1.0 0.80 0.72    20 

MI-2 Hwy 50 2 5,500 1.5% 8.7%   0.5 1.00 0.61    20 

MI-3 Hwy 52 2 7,900 1.5% 7.6% 0.5 1.00 0.59    20 

MO-1 I-70 4 18,500 1.9% 34.9% 0.5 0.95 1.00    20 

MO-2 Hwy 65 4 19,400 5.3% 9.8%   0.5 0.95 1.00    20 

MO-3 I-44 4 32,750 2.5% 35.8%   0.5 0.95 1.00 20 

NC-1 I-85 4 61,346 2.6%  11.0% 24.0% 0.5 0.80  0.300 1.150 0.0000 20 

NE-1 Hwy 8 2 700 1.5%  7.7% 12.3% 0.5 1.00  0.250 0.890 0.0000 20 

NE-2 Hwy 77 2 2,623 1.4%  4.9% 13.1% 0.5 1.00  0.230 0.910 0.0000 20 

NE-3 Hwy 8 2 1,320 0.7%  4.2% 6.8% 0.5 1.00  0.250 0.890 0.0000 20 

NE-4 I-80 4 7,506 3.6%  6.2% 52.8% 0.5 0.90  0.140 1.010 0.0000 20 

TN-1 Hwy 171 2 8,800 4.87%  7.7% 2.3% 0.5 1.00  0.440 1.080 0.0020 20 

UT-1 Hwy 150 2 1,013 3.0% 14.9% 9.5% 4.1% 1.0 1.00 0.55 0.360 0.560 0.0201 20 

WI-1 US 45 6 81,428 2.0% 6.8%   1.0 0.40 0.72    20 

Blank cells signify that the factor was not used to calculate traffic for the given project.

Table 4.4. Factors used to calculate accumulated ESALs at various intervals.
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matrix was not evenly filled because of the availability of proj-
ects, Figure 4.5 indicates a good distribution of 20-year design
traffic. There are only three projects with fewer than 300,000
ESALs; however, it is expected that there is not a strong rela-
tionship between traffic and pavement densification at such
low traffic levels. There are 14 projects with design traffic
between 3 million and 30 million ESALs. Under AASHTO M
323, all projects with a design traffic level between 3 million
and 30 million ESALs should be designed with an Ndesign of 100
gyrations (4). The maximum 20-year design traffic in the
SHRP Ndesign experiment was 32.1 million ESALs (1). Nine
projects in this study had 20-year design traffic in excess of
30 million ESALs.

4.2.3 Pavement Densification

The in-place density of HMA may be the single factor that
most affects the performance of a properly designed mixture
(54, 55). A mediocre mix that has been well constructed with
good in-place air voids will often perform better than a good
mix that has been poorly constructed (54). In-place density
between 92 percent and 97 percent of Gmm for surface mixes
passing through or above the Superpave-defined restricted
zone will generally provide good performance (55). To limit
permeability concerns, in-place density more than 93 to 
95 percent of Gmm may be required for larger nominal maxi-
mum aggregate size mixtures, stone mastic asphalt, or coarse-

Project ID Roadway 3 months 6 months 1 year 2 years 4 years 
20-Year 
Design 
ESALs 

AL-1 Hwy 157 69,600 129,022 263,972 559,853 1,149,977 6,748,142 
AL-2 Hwy 168 34,215 69,022 138,140 296,338 611,855 3,610,001 
AL-3 Hwy 80 97,881 170,357 346,635 767,236  8,861,352 
AL-4 Hwy 84 58,977 101,426 182,573 402,633  4,899,406 
AL-5 Hwy 167 18,854 34,981 65,784 149,147  1,809,675 
AL-6 Andrews Rd. 1,939 2,960 5,323 9,916 19,907 143,958 
AR-1 I-40 690,394 1,131,450 2,110,407 4,619,146 8,120,222 48,726,562 
AR-2 I-55 942,469 1,562,429 2,957,818 6,590,986 11,850,476 91,370,805 
AR-3 I-40 956,294 1,936,956 4,141,677 9,974,122 18,576,489 170,842,507 
AR-4 I-30 578,939 1,201,114 2,596,098 6,261,493 11,603,641 97,890,077 
CO-1 Hwy 9 20,866 38,064 68,695 138,927 287,854 756,789 
CO-2 Hwy 82 27,654 76,585 91,905 185,961 385,731 1,017,593 
CO-3 I-70 Bus. 14,675 26,863 48,805 98,324 202,528 523,624 
CO-4 Hwy 13 19,805 36,273 65,592 132,764 274,968 720,911 
CO-5 Hwy 82 26,897 75,056 90,370 184,395 384,096 1,017,593 
FL-1 Davis Hwy 8,117 16,784 30,420 62,813  811,658 
GA-1 Buford Hwy 133,892 287,006 435,998 798,627 1,568,426 8,803,521 
IL-1 I-57 252,510 449,723 948,145 1,963,241 3,970,500 26,285,917 
IL-2 I-64 445,196 792,900 1,671,661 3,461,359 7,000,327 46,344,297 
IL-3 I-70 365,925 699,160 1,541,346 3,256,535 6,648,086 44,466,336 
IN-1 US 136 28,199 41,039 73,589 144,256 372,269 1,850,992 
IN-2 I-69 688,995 957,471 1,827,656 3,586,718 9,265,105 45,150,555 
KS-1 I-70 85,315 227,911 374,505 729,765 1,435,783 10,075,962 
KY-1 CR1796 530 819 1,591 3,038 6,357 53,706 
KY-2 I-64 181,101 278,340 539,117 1,016,831 2,061,494 12,438,605 
KY-3 CR1779 857 1,334 2,608 4,988 10,412 84,028 
MI-1 I-75 211,625 419,507 650,039 1,426,667 2,893,187 15,966,398 
MI-2 Hwy 50 24,456 32,399 54,261 119,143 240,447 1,250,146 
MI-3 Hwy 52 26,258 45,341  132,171 278,594 1,515,200 
MO-1 I-70 493,003 884,139 1,306,076 2,541,928 4,778,697 27,546,007 
MO-2 Hwy 65 107,389 224,065 349,533 734,786 1,462,700 12,517,675 
MO-3 I-44 597,842 1,307,458 2,063,169 4,337,141 8,453,012 53,683,941 
NC-1 I-85 692,210 1,427,287 2,889,164 6,040,907 12,565,156 73,918,507 
NE-1 Hwy 8 4,441 10,481 16,872 37,057 67,176 383,385 
NE-2 Hwy 77 16,728 39,363 63,672 140,411 255,199 1,450,960 
NE-3 Hwy 8 4,183 10,424 17,010 37,683 68,179 365,719 
NE-4 I-80 166,950 413,599 671,010 1,529,367 2,841,721 20,084,248 
TN-1 Hwy 171 25,738 58,918 98,776 207,136 428,119 3,490,393 
UT-1 Hwy 150 8,014 14,873 27,347 55,992 122,456 771,982 
WI-1 US 45 345,088 494,711 597,614 1,316,468 2,557,478 14,614,748 

Blank cells signify that the 4-year data were not collected for the given project. 

Table 4.5. Accumulated ESALs at sampling intervals.
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graded Superpave mixtures (56). In-place air voids that are too
high may result in permeability to water and excessive binder
oxidization, resulting in moisture damage, cracking, or ravel-
ing (55, 57, 58). In-place density in excess of 97 percent of Gmm

may result in permanent deformation or loss of skid resistance
(59). Although the use of the ultimate pavement density has
been questioned as a parameter to define Ndesign (44), it is clear
for the reasons described above that the ultimate pavement
density must be considered when determining the laboratory
compaction effort. Table 4.6 summarizes the average in-place
densities for the projects at each of the sampling intervals
through 2-years; the complete data are presented in the
Appendix Tables B.41 through B.80.

4.2.3.1 As-Constructed Density

The average in-place, as-constructed density for the 40 proj-
ects was 91.6 percent. Figure 4.6 shows a cumulative frequency
distribution of the average in-place density for the 40 projects
at the time of construction. From Figure 4.6, it is evident that
55 percent of the projects had in-place densities that were less
than 92 percent of Gmm, and 78 percent of the projects had in-
place densities that were less than 93 percent of Gmm. This
indicates that the in-place densities of the majority of the
projects were less than desired. There may be a number of rea-
sons for the as-constructed, in-place densities being less than
desired, including:

• State agency specifications,
• The compactability of the mix,

• The compaction effort or method of compaction used by
the contractor, or

• A combination of these factors.

An ANOVA was conducted using the General Linear
Model (GLM) to examine factors that may have affected the
as-constructed density. The two or three samples from each
project were used as replicates, and each sample was repre-
sented by an average of three cores. Agency, gradation (coarse
or fine), high-temperature PG, lift-thickness-to-NMAS ratio,
and 2000 Ndesign level were considered as factors. The 2000
Ndesign level is the Ndesign rounded to the levels adopted in 2000
(50, 75, 100, and 125). The factor inputs are summarized in
Table 4.1, presented previously. There were insufficient
replicates to evaluate interactions, particularly considering
the 16 levels of agency. Two factors were significant at the
95-percent confidence level: agency and Ndesign. The fitted
means for the main effects indicated very low in-place density
resulting from mixes with an Ndesign of 50 gyrations. Only
project KY-1 was designed at 50 gyrations. The average as-
constructed density for KY-1 was 85.5 percent. There were no
in-place density requirements in the specifications for KY-1.
Therefore, this project was eliminated from the data set. The
ANOVA was re-run, thereby resulting in agency being the
only significant factor (p � 0.000). Examination of the main
effects indicated that three agencies achieved particularly
good as-constructed densities: Colorado, Missouri, and
Georgia. As noted previously, Colorado DOT uses 100-mm
diameter SGC molds, which tends to result in lower sample
densities and therefore higher asphalt contents that may aid
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in field compaction (42). All of the Colorado DOT projects
used crushed gravel for the coarse aggregate, which may be
easier to compact than crushed stone aggregate. Although
many agencies have switched (or switched back) to density
specifications based on cores since the implementation of
Superpave, Colorado DOT uses the nuclear gauge to deter-
mine in-place density. Gauges are calibrated to cores at the
beginning of the project, and density is monitored with addi-
tional cores throughout the project. Both the contractor and
the agency conduct nuclear density tests. Georgia DOT
adjusts the asphalt content of a mixture in the field to ensure
in-place density requirements are met.

The main effects for lift thickness to NMAS ratio indicated
some unexpected trends when agency was included as a
factor. It was believed that the unexpected trends may have

been due to interactions that could not be analyzed with the
replicates available. Therefore, the ANOVA was rerun as
described previously without using agency as a factor. Only
high-temperature PG was significant (p � 0.000); however,
this significance is caused by the PG 67-22, which was only
used by two agencies, one of which consistently had low as-
constructed densities. The fitted model is poor (R2 � 0.37)
without agency as a factor, but good (R2 � 0.67) with agency
as a factor.

The main effects plot for the fitted means is shown in
Figure 4.7. With the exception of PG 67, the trends are as
expected: increasing density with increasing lift-thickness-to-
NMAS ratio, decreasing density with increasing Ndesign level,
and increasing density with fine-graded as compared to
coarse-graded mixes. As noted previously, coarse-graded

Average In-Place Density, Percent Gmm 
Project 

ID 
Roadway 

Construction 3 months 6 months 1 Year 2 Years 

AL-1 Hwy 157 88.7 93.2 93.6 93.0 93.9 
AL-2 Hwy 168 88.3 90.3 90.2 90.2 91.8 
AL-3 Hwy 80 89.7 92.8 93.2 93.3 93.6 
AL-4 Hwy 84 88.4 92.8 93.1 92.6 94.3 
AL-5 Hwy 167 89.7 93.6 93.8 93.1 94.6 
AL-6 Andrews Rd 91.8 93.1 92.7 93.1 93.3 
AR-1 I-40 92.0 93.1 93.5 94.1 94.2 
AR-2 I-55 89.4 90.9 91.4 91.8 91.8 
AR-3 I-40 91.5 94.6 94.8 94.8 94.7 
AR-4 I-30 90.9 94.2 93.5 94.5 94.5 
CO-1 Hwy 9 93.8 96.9 96.5 97.2 98.1 
CO-2 Hwy 82 94.7 96.6 96.6 96.9 97.1 
CO-3 I-70 93.5 94.6 96.0 95.6 95.7 
CO-4 Hwy 13 93.7 93.3 92.8 94.2 94.2 
CO-5 Hwy 82 91.6 93.6 93.7 94.2 93.8 
FL-1 Davis Hwy 91.8 94.2 94.8 94.3 95.2 
GA-1 Buford Hwy 95.0 95.7 95.8 96.0 96.5 
IL-1 I-57 91.0 93.9 93.8 94.2 94.4 
IL-2 I-64 91.8 94.2 94.1 94.4 95.2 
IL-3 I-70 92.2 94.3 93.9 94.4 94.5 
IN-1 US 136 91.3 90.3 90.3 62.3 93.5 
IN-2 I-69 91.4 90.7 91.7 94.7 94.1 
KS-1 I-70 89.9 91.2 92.1 93.6 93.6 
KY-1 CR1796 85.5 87.3 86.7 87.7 88.5 
KY-2 I-64 92.2 93.2 93.3 93.9 94.1 
KY-3 CR1779 92.6 93.1 93.7 94.3 94.2 
MI-1 I-75 91.3 92.1 92.8 93.4 94.8 
MI-2 Hwy 50 93.1 95.2 96.1 96.8 96.8 
MI-3 Hwy 52 93.0 93.7 94.5 NR1 96.5 
MO-1 I-70 93.4 96.4 95.6 95.8 96.5 
MO-2 Hwy 65 92.6 94.2 92.7 94.4 95.1 
MO-3 I-44 93.5 94.4 94.3 95.3 95.6 
NC-1 I-85 90.1 92.8 91.7 93.0 93.4 
NE-1 Hwy 8 92.6 95.4 95.5 95.3 95.7 
NE-2 Hwy 77 93.0 95.2 95.0 95.3 95.7 
NE-3 Hwy 8 91.0 94.8 95.1 95.0 95.4 
NE-4 I-80 92.2 94.9 95.2 96.7 97.2 
TN-1 Hwy 171 91.1 93.1 93.1 94.1 94.3 
UT-1 Hwy 150 91.9 93.5 93.2 NR2 93.7 
WI-1 US 45 92.4 93.8 93.8 94.4 94.3 

11-year cores not taken.
2Section overlaid with plant-mix seal coat, and NCAT research engineer elected not to take 1-year
cores.

Table 4.6. Average in-place densities for field projects.
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mixes tend to require higher in-place density to be imperme-
able to water (56).

4.2.3.2 Densification with Time

Figure 4.8 shows a cumulative frequency plot for in-place
density for the sampling periods through 2 years. From
Figure 4.8, it is apparent that the majority of the densifica-
tion (63 percent) occurs in the first 3 months after con-
struction. There is little if any difference between the
3-month and 6-month in-place densities, most likely
because projects constructed during the summer would be
experiencing cooler weather 3 to 6 months after construc-
tion. This finding matches the findings from the 2000
NCAT Test Track, which indicated that little densification
occurred during the winter months (52). The in-place
density representing the 50-percent frequency increased by

0.8 from 93.6 percent to 94.4 percent between 6 months
and 1 year, and then only by 0.2 percent to 94.6 percent
between 1 year and 2 years.

Since there was a slight increase in density between the 
1-year and 2-year sampling intervals, it was impossible to
know if the pavements had reached their ultimate density
after 2 years. The literature suggests that pavements reach
their ultimate density after 2 to 3 years of traffic (11, 17, 18,
24), but could densify for a longer period of time (23, 25).
Since the goal of this project was to determine the Ndesign

gyrations that produced samples with the same density as the
ultimate density on the roadway, it was decided to extend the
monitoring of the in-place density and take an additional set
of cores after 4 years of traffic. The pavement condition
survey conducted at the 4-year interval would also provide a
better indication of the long-term performance of the pave-
ment. Table 4.7 compares the 2-year and 4-year pavement
densities for each project.

4.2.3.3 Determination of Ultimate Density

The average in-place density for all of the projects after
both 2 and 4 years was 94.6 percent. Two tests were
conducted to compare the 2-year and 4-year pavement
densities, Student’s t-test, and a paired Student’s t-test. In
addition, an F-test was conducted to compare the sample
variances prior to running the Student’s t-test to determine
whether the model with equal or unequal sample variances
should be used. The t-test was used to compare the popula-
tion means:

H0: average 2-year density � average 4-year density, and
H1: average 2-year density � average 4-year density.
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The paired t-test examined the difference between the 
2-year and 4-year density at each core site. In three cases—
KY-1, NE-2, and NE-3—the F-test indicated that the sam-
ple variances were different between the 2-year and 4-year
densities. The Student’s t-test for unequal sample variances
was used for these sites. The two-tail p-value is reported in
all sites.

The 4-year density was less than the 2-year density in 15
of 35 cases. If the 2-year and 4-year densities are not differ-
ent (e.g., the 2-year density is the “ultimate” density), then
lower values would be expected because of testing variabil-
ity. The analyses indicate that the paired t-tests were signif-
icantly different (α � 0.05) in eight cases, and the average
4-year density was higher in six of those eight cases. How-
ever, the paired t-test could be subject to differences due to
variances in the longitudinal density of the pavement,
although generally pavement density is believed to be less
variable in the longitudinal direction than in the transverse
direction over short distances. The t-test to compare popu-
lation means was only significantly different (α � 0.05) in
one case, TN-1. The average 4-year in-place density (93.6
percent) for TN-1 was less than the average 2-year density
(94.3 percent). One possible explanation for this could be
the onset of moisture damage. Based on these analyses, it is
concluded that the ultimate density was achieved after
2 years of traffic.

4.2.3.4 Factors Affecting Pavement Densification

Factors affecting pavement densification are of interest
in this study. Figures 4.9 through Figure 4.11 show typical

examples of the observed pavement densification with
traffic. Figure 4.9 shows the densification of CO-4. CO-4 is
a relatively low-volume pavement with 20-year design
traffic less than 1 million ESALs and a posted speed limit
of 55 mph. Figure 4.9 indicates that CO-4 shows little den-
sification with traffic. It should be noted that CO-4 was
compacted to a relatively high as-constructed density
(93.7 percent).

Figure 4.10 shows the densification of AL-1. AL-1 had a
significant increase in density in the first 3 months after con-
struction, after which time the rate of densification levels off.
The 20-year design traffic for AL-1 is 6.7 million ESALs.
AL-1 was compacted to a low as-constructed density. AL-1
rapidly densified to an acceptable level in the first 3 months,
and relatively little densification was observed after the first
3 months. This may be due to an increased rate of binder
oxidization due to the low initial density.

Figure 4.11 shows the densification of MI-1. MI-1 is a high-
volume Interstate with a 20-year design traffic level of 16.0
million ESALs. The higher traffic volume appears to cause a
steady rate of densification up until the 2-year sampling inter-
val. The as-constructed density of MI-1 was close to typical
specifications.

The examples in Figures 4.9 through 4.11 demonstrate
some of the apparent effects that initial density and traffic can
have on densification. These effects will be investigated in
greater detail in Section 4.2.4.

Since the largest percentage of pavement densification
occurred in the first 3 months, the factors affecting the 
3-month densification were investigated. The 3-month densi-
fication was calculated as the difference between the 3-month
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% Gmm Paired t-test Population t-test 
Project Roadway 

2-Year 4-Year p-value 
Significant? 
(α = 0.05) 

p-value 
Significant? 
(α = 0.05) 

AL-1 Hwy 157 93.9 94.3 0.0886 No 0.2977 No 
AL-2 Hwy 168 91.8 91.7 0.8968 No 0.9219 No 
AL-3 Hwy 80 93.6      
AL-4 Hwy 84 94.3      
AL-5 Hwy 167 94.6      
AL-6 Andrews Rd 93.3 93.6 0.1202 No 0.4757 No 
AR-1 I-40 94.2 94.2 0.2629 No 0.6918 No 
AR-2 I-55 91.8 92.1 0.0941 No 0.4186 No 
AR-3 I-40 94.7 94.6 0.7531 No 0.8442 No 
AR-4 I-30 94.5 94.7 0.0894 No 0.3701 No 
CO-1 Hwy 9 98.1 97.7 0.1063 No 0.3565 No 
CO-2 Hwy 82 97.1 96.8 0.0196 Yes 0.4763 No 
CO-3 I-70 95.7 95.7 0.6190 No 0.8492 No 
CO-4 Hwy 13 94.2 94.4 0.4504 No 0.4613 No 
CO-5 Hwy 82 93.8 93.3 0.0645 No 0.3068 No 
FL-1 Davis Hwy 95.2      
GA-1 Buford Hwy 96.5 96.3 0.3201 No 0.6385 No 
IL-1 I-57 94.4 94.6 0.2052 No 0.5548 No 
IL-2 I-64 95.2 95.3 0.0265 Yes 0.4559 No 
IL-3 I-70 94.5 94.6 0.2154 No 0.5249 No 
IN-1 US 136 93.5 94.1 0.3286 No 0.3541 No 
IN-2 I-69 94.1 94.8 0.0735 No 0.2087 No 
KS-1 I-70 93.6 93.0 0.1085 No 0.2985 No 
KY-1 CR1796 88.5 87.7 0.5281 No 0.4321 No 
KY-2 I-64 94.1 94.4 0.0277 Yes 0.4279 No 
KY-3 CR1779 94.2 94.4 0.4772 No 0.7774 No 
MI-1 I-75 94.8 94.4 0.0944 No 0.1827 No 
MI-2 Hwy 50 96.8 97.4 0.0091 Yes 0.3408 No 
MI-3 Hwy 52 96.5 96.8 0.0279 Yes 0.1508 No 
MO-1 I-70 96.5 NR1     
MO-2 Hwy 65 95.1 95.0 0.8276 No 0.8836 No 
MO-3 I-44 95.6 95.5 0.6249 No 0.7958 No 
NC-1 I-85 93.4 93.9 0.0062 Yes 0.0660 No 
NE-1 Hwy 8 95.7 95.5 0.3002 No 0.6646 No 
NE-2 Hwy 77 95.7 95.9 0.1870 No 0.3923 No 
NE-3 Hwy 8 95.4 95.2 0.6303 No 0.6330 No 
NE-4 I-80 97.2 97.4 0.0268 Yes 0.1964 No 
TN-1 Hwy 171 94.3 93.6 0.0056 Yes 0.0427 Yes 
UT-1 Hwy 150 93.7 93.6 0.7387 No 0.7850 No 
WI-1 US 45 94.3 94.2 0.6521 No 0.8412 No 

1Incorrect layer tested on 4-year cores (Novachip added between 2 and 4 years). Blank cells signify
that the 4-year data were not collected for the given project. 

Table 4.7. Comparison of 2-year and 4-year densities.
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and as-constructed in-place density. An ANOVA was con-
ducted using the GLM to examine factors that may have
affected the densification after 3 months. The two or three sam-
ples from each project were used as replicates, with each sam-
ple represented by the average of three cores. Gradation, either
high-temperature PG or bump in high PG, lift-thickness-to-
NMAS ratio, 2000 Ndesign level, and month of construction were
considered as factors. 2000 Ndesign level is the Ndesign level
rounded to the levels adopted in 2000 (50, 75, 100, and 125).

High-temperature PG bump was considered an alternative to
high PG to better account for climatic differences between the
sites. Month of construction was added based on speculation
that pavements constructed in the fall would densify less than
pavements constructed in the summer.

The factor inputs are summarized in Table 4.1, presented
previously. The results of the analysis using high-temperature
PG bump are shown in Table 4.8. High-temperature PG
bump (p � 0.016) and month of construction (p � 0.000)
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Source 
Degrees 

of 
Freedom 

Adjusted 
Sum of 
Squares 

Adjusted 
Mean 

Squares 

F-
statistic 

p-
value 

Significant? 

(α = 0.05) 

Lift Thickness to NMAS 4 4.910 1.227 0.86 0.490 No 
High-Temperature PG 

Bump 
3 16.491 5.497 3.86 0.012 Yes 

2000 Ndesign 3 1.257 0.419 0.29 0.830 No 
Month of Construction 6 59.405 9.901 6.95 0.000 Yes 

Gradation 1 0.437 0.437 0.31 0.581 No 
Error 92 131.141 1.425    
Total 109      

Table 4.8. ANOVA (GLM) results for 3-month densification.
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were identified as significant factors at α � 0.05. A plot of the
main effects is shown in Figure 4.12. The trends are generally
as expected. There is a slight trend for increasing densification
with increasing lift thickness to NMAS, except for the 6:1 ratio.
Recall that there is only one project, MO-2, constructed at the
6:1 ratio. Densification decreases with high-PG bump (1 grade
bump would correspond to a 6°C increase in high-tempera-
ture PG), except for the half-grade bump resulting from the
use of PG 67-22. As discussed previously, PG 67-22 was used
by only two agencies, one of which tended to have low as-con-
structed densities in the projects evaluated. Projects with low
as-constructed densities would be expected to densify more
under traffic. Ndesign is neutral except when it is 50. As noted
previously, only one 50-gyration project, KY-1, was sampled.
It showed a very low as-constructed density. This finding sug-
gests that the current tiered Superpave design system—with
differing binder grades, aggregate properties, and Ndesign lev-
els—generally accounts for the effect of varying traffic. Fine
mixes appear to densify slightly more than coarse mixes. The
most interesting effect may be that of month of construction.
In Figure 4.12, the numerical month is shown on the x-axis
(e.g., April � 4). It appears that projects constructed between
April (4) and June (6) densified the most, approximately 1 per-
cent more than projects constructed in July (7) and August (8).
The fact that projects constructed in April (4) densified
slightly less than the projects constructed in June (6) most
likely illustrates the effect of binder aging because the projects
constructed in April (4) would have aged slightly before the
hottest summer weather.As expected, the projects constructed
in September (9) and October (10) appear to have densified
approximately 1 to 2 percent less than the projects constructed
in mid-summer.

The ANOVA was rerun using the amount of densification
after 2 years of traffic as the response variable. High-PG bump
(p � 0.007) was still significant at α � 0.05.Month of construc-
tion (p � 0.068) was not significant at α � 0.05, but was signif-
icant at α � 0.10. Figure 4.13 illustrates the fitted means of the
effect. The figure indicates that month of construction has a
strong influence on the long-term densification of a project,
with approximately a 2-percent change in densification between
pavements constructed in May (5) and pavements constructed
in October (10). This finding emphasizes the need to obtain
good compaction during late-season paving. Compaction
requirements cannot be waived with the assumption that the
pavement will densify to an acceptable level with the onset of
hot weather the following year.

4.2.3.5 Pavement Densification at the 2000 NCAT
Test Track

Data from the 2000 NCAT Test Track was analyzed in addi-
tion to the data from the field projects. The NCAT Test Track
offered a unique opportunity to study pavement densification
and its relationship to the number of design gyrations,
because all of the sections received the same traffic, had the
same base and subgrade support, and were exposed to the
same climatic conditions. Thirty-two of the test track sections
were designed using Superpave and are included in the
following analysis. The 32 sections represent a range of aggre-
gate types, NMASs, and gradations.

One of the objectives of the work at the track was to
evaluate densification of HMA. Cores for evaluating densifi-
cation were taken at various traffic levels from the left wheel
path of the last 25 ft of each section. When the test track was
constructed, paving was carried past the end of the section,

Figure 4.12. Main effects plot for factors affecting 3-month densification.



and the pavement was cut back prior to constructing the next
section. In this manner, the last 25 ft of the section should be
a representative mix. Initially, traffic began in September 2000
with only one truck in operation. Three trucks were opera-
tional in November 2000, and traffic was fully implemented
(with four trucks) in February 2001. For the first 3 months,
cores were taken on a monthly basis; later, cores were taken
quarterly.

The cores are sawed into their respective layers, and the
bulk-specific gravity of each layer is determined using
AASHTO T166. Density of samples having more than 
2-percent water absorption was determined using the
Corelok device. In-place air voids were calculated using the

construction maximum specific gravity values. Figure 4.14
shows the average test track pavement density as a function
of ESALs for the Superpave sections through the completion
of 10 million ESALs in December 2002. The figure indicates
that the initial construction densities were slightly lower for
the PG 76-22 surface layers than for the other layers. In both
the PG 67-22 and PG 76-22 sections, the construction
densities were less for the upper lift than for the lower lift.
A second-order polynomial was fit to the data for each
binder grade/lift combination.

The data seem to indicate distinct rates of densification for
each binder grade/lift combination related to time after
construction and month. There appears to be an initial

Figure 4.13. Main effects plot for month of construction on 
2-year densification.
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seating of the mix between the first and third data points
taken in September and December of 2000, respectively. The
average pavement density appears to continue to increase
from December 2000 (third data point) through October
2001 (data point at approximately 4.5 million ESALs). There
is little increase in pavement density between October 2001
and June 2002 (data point at approximately 7.5 million
ESALs). In fact, the average density for all but the PG 67-22
upper lift sections appears to decrease in March 2002 (data
point at approximately 6.5 million ESALs). The change in
density during the summer of 2002 (7.5 to 8.5 million ESALs)
is similar to that which occurred during the summer of 2001
(3.0 to 4.5 million ESALs). A slight decrease in density was
observed between September and December 2002, with the
exception of the PG 67-22 upper lifts, which increased
slightly.

There appears to be a significant difference in the rate of
densification based on binder grade. As expected, the sec-
tions with the softer binder, PG 67-22, densified faster. This
was true for both the upper and lower lifts. Further, it
appears that for the PG 67-22 sections, the lower lift, which
was 50 mm below the surface of the pavement, did not den-
sify as fast as the surface lift did. The difference in density
was approximately 1 percent from approximately 4 million
ESALs through approximately 10 million ESALs. The differ-
ence was not apparent prior to 4 million ESALs because the
lower lifts were constructed at a higher initial density.
Blankenship (34) did not find a relationship between traffic
and pavement densification for layers deeper than 100 mm
from the pavement surface. Based on the reduced vertical
pressure calculated using Boussinesq theory, Brown and
Buchanan (2) recommended that Ndesign be reduced by 
28 percent or approximately one gyration level for layers
deeper than 100 mm from the pavement surface. Brown 
et al. (52) also note that permanent deformation (and den-
sification) essentially stopped when the air temperature was
less than 28°C. Important findings from the densification of
the 2000 NCAT Test Track related to this study include the
following (52):

• Modified binders (2 high-PG bumps) rutted approxi-
mately 60 percent less than unmodified (0.5 high-PG
bump) based on an average rut depth after 10 million
ESALs of 1.7 mm for the modified mixes and 4.1 mm for
the unmodified mixes. Densification was reduced by
25 percent for the surface mixes containing modified
binders, with an average reduction in air voids of 4.1
percent for the modified mixes and 5.6 percent for the
unmodified mixes.

• The densification of pavement layers 50 mm from the
pavement surface was approximately 1 percent less than
the densification of surface layers.

4.2.4 Determination of Ndesign to Match
Ultimate In-Place Density

Four different analyses were performed to relate Ndesign to
the ultimate in-place density. First, regressions were per-
formed between the accumulated traffic after 2 years and the
predicted Ndesign values. The accumulated traffic after 2 years
was selected because the pavements were determined to have
reached their ultimate density after 2 years of traffic. The data
were subdivided and potential outliers examined in an
attempt to improve the relationship. Second, regressions were
performed between the accumulated ESALs at each of the
sampling intervals (3 months, 6 months, 1 year, 2 years, and
4 years) and the predicted gyrations to match the in-place
density at each of those intervals. Third, models were devel-
oped to predict Ndesign, which accounted for as-constructed
density, high-temperature PG, and traffic. Fourth, the ulti-
mate in-place density was compared with the density at the
agency-specified Ndesign. The results of these analyses are
described the following sections.

4.2.4.1 Predicted Ndesign Versus 2-Year Traffic

The number of gyrations necessary to obtain the in-place
density after 2 years of traffic or ultimate density was deter-
mined by performing a linear regression between the esti-
mated sample density at a given number of gyrations and the
log gyrations. This regression was done both for (a) the aver-
age densities and specimen heights for a project as well as (b)
the average density and sample height for each sample within
a project. Each sample had measurements from three SGC
specimens. The specimen heights and densities at 8, 25, 50, 75,
100, 125, and 160 gyrations were used for the regression to
determine the slope and offset. The specimen heights and
densities at 8, 25, 50, 75, and 100 gyrations were from the SGC
specimens compacted to 100 gyrations, while the specimen
heights and densities at 125 and 160 gyrations were from the
SGC specimens compacted to 160 gyrations. It should be
noted that the SGC specimen densities at 100 and 160 gyra-
tions were measured, but the other specimen densities were
estimated using Equation 4.

Some of the literature (39, 40, 46) discusses the errors in
backcalculation of sample density. Because of the scope of the
project, backcalculation was unavoidable. Once the slope and
offset were determined, the number of gyrations to match the
ultimate density could be calculated. This was done for both

Density at Gyration n Density at Nmaximum=

× Height at N

Height at Gyration n
(4)maximum



the Pine and Troxler SGCs. Figure 4.15 shows a plot of the
average (for each project) Ndesign to match the 2-year in-place
density for each SGC versus estimates of the accumulated traf-
fic after 2 years. The figure is shown with an arithmetic scale
to better show the difference in predicted gyrations between
the Pine and Troxler SGCs. The best fit line in the figure is a
power model that would produce a straight line on a log-log
plot. The R2 values indicate a weak correlation between log 
2-year ESALs and log-predicted gyrations. There appear to be
numerous potential outliers. All of the potential outliers are
9.5-mm NMAS mixes that occurred with the Troxler com-
pactor. It also appears that the predicted gyrations for the
Troxler compactor are approximately 20 gyrations higher than
the predicted gyrations for the Pine compactor.

Significant efforts have been made to study the differences
in sample density produced by different models and units of
gyratory compactors. One influencing factor that has been
identified is the dynamic internal angle (DIA) of gyration.
The internal angle of gyration can be measured using a device
called the dynamic angle verification kit (DAVK). FHWA
proposed a DIA of 1.16 ±0.03 degrees (60). In a study con-
ducted for Alabama DOT, Prowell et al. (50) determined that
a change of DIA of 0.1 degrees will result in a change of
0.01 Gmb units. Dalton (61) found a similar relationship, with
a change of DIA of 0.1 degrees resulting in a change of
0.014 Gmb units. After the completion of this Alabama DOT
study, the DIA of the Pine compactor was measured as 1.23
degrees. The DIA of the Troxler compactor was not measured
at that time because of a problem with the electronics, but was

later measured as 1.02 degrees. Using the first relationship, the
compacted sample densities from both compactors were
adjusted to that which would have been produced if both
compactors had been set to a DIA of 1.16 degrees. The pre-
dicted gyrations to match the in-place density after 2 years of
traffic were then recalculated and are summarized in Figure
4.16. As shown in Figure 4.16, the best fit line for the predicted
gyrations to match the in-place density from both com-
pactors adjusted to an internal angle of 1.16 degrees falls
along the line of equality. The best fit line for the original data
is shown for comparison.

The data in Table 4.9 are sorted by the 20-year design traf-
fic. In Figure 4.16 and Table 4.9, there appear to be a few poten-
tial outliers in the adjusted data, specifically the Pine results for 
IL-3 and the Troxler results for KY-2 and MI-1. The two Trox-
ler points also appeared to be potential outliers in Figure 4.15.
One tool for evaluating potential outliers in a relationship is to
look at the standardized residual. The standardized residual is
the difference between the observed and the fit values divided
by the square root of the mean square error (MSE). Mont-
gomery (62) states that standardized residuals that exceed ±3.0
may be considered outliers. The standardized residuals for 
IL-3, KY-2, and MI-1 were -2.44, 2.45, and 2.57, respectively;
this indicates that the residuals should not be removed as out-
liers. The other three potential outliers in Figure 4.15—FL-1,
MI-2, and MI-3—have standardized residuals of 1.58, 1.09,
and 1.33, respectively, when corrected to a DIA of 1.16 degrees
in Figure 4.16. Research by Moseley et al. (63) indicates that the
measured DIA is affected by the HMA mixture. In that
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research, of all the aggregates tested, Nova Scotia granite, the
same as that used in project FL-1, produced the largest
differences between compactors; of all the gradations tested,
9.5-mm NMAS mixes showed the largest differences.

Table 4.9 indicates that very few of the predicted gyrations
to match the in-place density after 2 years exceed the cur-
rently specified Ndesign values. The Pine and Troxler results for
FL-1 (97 and 115, respectively) exceed 75 gyrations in the
0.3 million to 3 million ESALs category. The Troxler results
for KY-2 (116) and MI-1 (126) exceed 100 gyrations in the
3 million to 30 million ESALs category. The higher numbers
for the Troxler compactor may be partially attributed to error
in the correction to a DIA of 1.16 degrees. It is expected that
if the DIA of the Troxler compactor used in this study had
been measured with the DAVK using these mixes, the meas-
ured DIA would be less than the DIA of 1.02 degrees meas-
ured in the Alabama DOT study.

Figure 4.17 shows the predicted gyrations to match the 
2-year density, corrected to a DIA of 1.16 degrees, versus the
2-year ESALs. Comparison of Figure 4.17 with Figure 4.15
(showing the uncorrected gyration data) indicates that cor-
rection of the gyratory data to a common DIA produces sim-
ilar relationships between 2-year ESALs and predicted
gyrations for the two SGCs, but does not significantly
improve the R2. The same six projects discussed previously—
IL-3, KY-2, MI-1, FL-1, MI-2, and MI-3—appear to be poten-
tial outliers. An additional point, AR-2, appears to be a
potential outlier having a low number of predicted gyrations
(43) for a high 2-year traffic level (6.6 million ESALs).

Figure 4.18 shows the predicted gyrations to match both
the 2-year and 4-year in-place densities versus the 20-year
design ESALs. Previously, it was shown that there was no
statistical difference between the 2-year and 4-year in-place
densities. Figure 4.18 shows a slight increase in predicted
gyrations to match the 2-year and 4-year in-place densities
for both the Pine and Troxler compactors. However, this
appears to be somewhat driven by project AR-4. The in-
place density for project AR-4 increased by 0.2 percent
between 2 years and 4 years. This resulted in an increase
of approximately 9 gyrations between 2 and 4 years. The
slight increase in R2 for the 2- and 4-year relationships
is most likely due to missing 4-year data, particularly for
project FL-1.

4.2.4.2 Comparison of Laboratory Density at Ndesign

and In-Place Density After 2 Years of Traffic

Another way to evaluate whether the current Ndesign values
are correct is to compare the laboratory air voids at the Ndesign

specified by the agency with the in-place density after 2 years
of traffic or ultimate density. Colorado DOT conducted a
similar study on 22 sites (42). The in-place air voids in the
Colorado study after 3 years of traffic were 1.2 percent higher
than the laboratory air voids at Ndesign. In the recommenda-
tions section of the study’s report, Harmelink and Aschen-
brener (42) state that the mixes are being designed at too low
of an asphalt content for the environmental and traffic con-
ditions in Colorado. Two suggestions for adjustment were
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lowering Ndesign and adjusting the mix design air void content
to less than 4 percent.

Figure 4.19 shows the air voids at Ndesign (1.16 degrees)
versus the 2-year in-place air voids for each of the samples
within a project. As expected based on the data presented so
far, there is a great deal of scatter in the data. However, the
relationship is significant at α � 0.05. Based on the regression
line, at a void level at Ndesign of 4 percent, the average in-place
air voids are 5.5 percent, or 1.5 percent higher than design.
Only a few points fall below the line of equality. This indicates
that the pavements have not densified to their design levels. It
further suggests that the Ndesign levels may be too high.

The Ndesign II Experiment (3) provides a measure of the
impact of the higher-than-expected air voids at the ultimate
density of the pavement. As noted previously, the FSCH test
was conducted using the Superpave Shear Tester to assess
changes in mixture stiffness to changes in Ndesign. In Part 2 of

the experiment, samples of mixes designed at one gyration
level (e.g., 130 gyrations) were compacted at other gyrations
(e.g., 70 and 100 gyrations) and vice versa, resulting in
changes in VMA and air voids (asphalt content and gradation
were held constant). Relationships were developed between
air voids and G∗ at both 0.1 Hz and 10 Hz, at 50°C for the two
aggregate types (gravel and limestone) used in the study. The
authors note that the greatest change in shear stiffness occurs
between 3- and 6-percent air voids (3). Using the relation-
ships provided, an increase in air voids from 4 percent to
5.5 percent results in an average decrease in G∗ of 23 percent.

4.2.4.3 Predicted Ndesign Versus Accumulated Traffic
for 2000 NCAT Test Track

Similar to the 40 field projects, the numbers of gyrations to
match field density were backcalculated for the 28 Superpave

Average Predicted Gyrations to Match 2-Year Density 

Project 

20-Tear 
Design 
Traffic, 
ESALs 

Pine 
1.23 

Degrees 

Pine 
1.16 

Degrees 

Pine 
Std. 
Dev. 

Troxler 
1.02 

Degrees 

Troxler 
1.16 

Degrees 

Troxler 
Std. 
Dev. 

KY-1 53,706 11 12 1.3 16 14 1.2 
KY-3 84,028 34 40 17.4 54 47 22.9 
AL-6 143,958 18 20 2.1 26 21 1.3 
NE-3 365,719 46 53 10.6 56 44 13.6 
NE-1 383,385 47 65 53.3 57 52 39.6 
CO-3 523,624 63 69 11.0 77 66 7.4 
CO-4 720,911 36 40 11.7 49 42 8.7 
CO-1 756,789 62 72 21.7 88 75 18.9 
UT-1 771,982 26 28 7.5 36 31 8.8 
FL-1 811,658 87 97 14.7 138 115 19.4 
CO-2 1,017,593 44 50 13.9 59 50 13.7 
CO-5 1,017,593 37 42 13.5 56 49 15.4 
MI-2 1,250,146 74 84 27.4 109 96 32.8 
NE-2 1,450,960 69 78 15.1 82 68 13.2 
MI-3 1,515,200 86 96 2.5 137 111 5.2 
AL-5 1,809,675 25 59 9.2 36 55 9.1 
IN-1 1,850,992 47 51 5.0 74 64 5.4 
TN-1 3,490,393 33 37 10.1 34 29 10.2 
AL-2 3,610,001 38 42 16.5 51 47 20.9 
AL-4 4,899,406 59 66 3.0 86 69 4.9 
AL-1 6,748,142 54 59 9.2 62 55 9.1 
GA-1 8,803,521 47 53 10.7 59 48 5.4 
AL-3 8,861,352 31 34 0.5 39 33 1.1 
KS-1 10,075,962 50 58 21.6 65 57 20.4 
KY-2 12,438,605 77 88 43.9 124 116 57.5 
MO-2 12,517,675 68 74 3.6 77 67 6.9 
WI-1 14,614,748 58 64 4.9 86 73 9.1 
MI-1 15,966,398 91 97 8.9 145 126 15.6 
NE-4 20,084,248 83 92 3.0 104 85 5.4 
IL-1 26,285,917 73 78 7.2 79 85 10.6 

MO-1 27,546,007 93 99 13.0 96 85 4.9 
IL-3 44,466,336 102 109 10.6 91 80 6.6 
IN-2 45,150,555 54 59 9.1 84 71 9.1 
IL-2 46,344,297 70 74 17.6 65 53 15.0 
AR-1 48,726,562 65 72 16.4 81 71 13.9 
MO-3 53,683,941 68 72 4.8 78 69 4.4 
NC-1 73,918,507 44 62 16.0 73 60 14.7 
AR-2 91,370,805 40 43 5.6 48 42 7.3 
AR-4 97,890,077 110 120 3.1 100 111 9.4 
AR-3 170,842,507 88 96 14.3 94 86 11.0 

Table 4.9. Original and adjusted gyrations to match 
in-place density at 2 years.
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sections at the 2000 NCAT Test Track. Two Troxler Model
4141 (the same Troxler model used in the field study) SGCs
were used to compact the SGC samples at the 2000 NCAT
Test Track. Three replicate samples were compacted for
each sublot. The samples were compacted to the same
Ndesign level used in the mix design, generally 100 gyrations.

The bulk-specific gravities of the samples were determined
with AASHTO T166. All of the heights were digitally
recorded and used in the backcalculation. The data have
been adjusted to an internal angle of 1.16 degrees. The inter-
nal angles of gyration for the two compactors used during
the construction of the 2000 NCAT Test Track were not
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known and could not be measured because these compactors
were no longer operational. Therefore, the average angle, 1.02
degrees, determined for that Troxler model in a previous study
was used when adjusting the data to a DIA of 1.16 (50).

Figure 4.20 shows the average number of gyrations to
match the in-place density versus ESALs for the Test Track
Superpave sections. The data are subdivided by binder
grade (PG 67-22 or PG 76-22) and lift (surface lift or lower
lift 50 mm deep). Second-order polynomials provided good
fits to the data. On average, there was a 25-gyration differ-
ence between predicted gyrations to match the upper
(97 gyrations) and lower (72 gyrations) PG 67-22 lifts at
10 million ESALs, and there is a 37-gyration difference
between the predicted gyrations to match the upper lifts of
PG 67-22 (97 gyrations) and PG 76-22 (60 gyrations) at
10 million ESALs.

As noted previously, no densification occurred during the
winter of 2001–2002. Although the relationship between the
average predicted gyrations and applied traffic is strong, there
is a great deal of scatter in the data. Figure 4.21 presents the
actual data for the PG 67-22 and PG 76-22 upper lifts where
each point represents the number of gyrations to match the
in-place density for a given section at a given number of
ESALs. It is apparent from Figure 4.21 that the scatter in the
data is much larger for the PG 76-22 sections than for the PG
67-22 sections. This is evidenced by the R2 � 0.63 for the PG
67-22 mixes and R2 � 0.18 for the PG 76-22 mixes. It is pos-
sible that if the field data were similarly subdivided, a better
relationship could be found from which to predict the appro-
priate Ndesign levels to match ultimate density.

4.2.4.4 Predicted Ndesign Versus 2-Year Traffic,
Excluding Mixes Produced with PG 76-22 

Figure 4.22 shows the predicted gyrations, corrected to an
internal angle of gyration of 1.16 degrees, to match the 
2-year in-place density from the NCHRP Project 9-9(1) field
projects, excluding the nine projects that used PG 76-22. It is
evident from the figure that there is still a great deal of scat-
ter in the data. Three projects with a high number of pre-
dicted gyrations for a low design traffic level are CO-1, MI-2,
and MI-3. All three of the projects were constructed with PG
58-28 binder and were constructed with crushed gravel
aggregate. Project FL-1 was constructed to 91.8 percent Gmm

and densified to 95.2 percent Gmm after 2 years. Nothing
appears to be unusual about the densification; however, a
high number of gyrations were predicted to match the 2-year
density for a relatively low traffic volume. The laboratory
voids for FL-1 were high, with air voids at the agency-
specified Ndesign of 5.1 and 5.6 percent, respectively, for the
Pine and Troxler compactors.

A regression was performed using log 20-year ESALs as a
predictor for log gyrations. The average Pine and Troxler
results at 1.16 degrees were combined, resulting in two data
points for each project. The data for CO-1, MI-2, MI-3, and
FL-1 were eliminated from the data set. The R2 � 0.52 indi-
cates a weak correlation between log 20-year ESALs and 
log-predicted gyrations. However, the Troxler results for 
MI-1 were indicated as a possible outlier with a standard-
ized residual of 3.41. The Troxler results for MI-1 were
removed from the data set and the regression re-run. The
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Using the regression shown in Figure 4.24, Table 4.10
shows the number of gyrations for each of the currently
specified Superpave traffic levels, along with the 80-percent
confidence prediction interval. The 80th percentile, calcu-
lated using the data in Table 4.9, is shown for comparison.
The data for the 80th percentile includes the projects con-
structed with PG 76-22, while the predicted values from the
regression does not include the projects constructed with

resulting R2 (0.57) still indicates a weak correlation, but
improved. Figure 4.23 shows the standardized residuals
versus the fitted value for the regression. The residuals
appear to be well distributed. Figure 4.24 shows a plot of
the regression with the 80-percent confidence interval. The
regression was used to predict fitted values for the currently
specified traffic levels. The 80-percent prediction interval
for the regression is also shown.
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PG 76-22. From Table 4.10, it can be seen that the high side
of the interval for the 80-percent prediction interval
approximately matches the currently specified gyration
levels (4). However, the original Ndesign experiment used the
predicted value with 50-percent confidence (34). As shown
previously in Figure 4.20, the data from the 2000 NCAT
Test Track and the 80th-percentile data reinforce that an
Ndesign of 100 gyrations should be adequate for very high
traffic levels. The 20-year design traffic for the 2000 NCAT
Test Track would be in excess of 100 million ESALs. Further,

the Ndesign II Experiment indicated virtually no difference in
shear stiffness between mixtures designed at 100 gyrations
and 130 gyrations (3). These three facts combined suggest
that Ndesign levels greater than 100 gyrations are unneces-
sary, even for the very highest traffic levels.

From Figure 4.24, it can be seen that the predicted gyra-
tions change very rapidly at design traffic levels less than
approximately 3 million ESALs. Caution is required when
recommending Ndesign for between 0.3 million and 3 million
design ESALs.
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Figure 4.22. Predicted gyrations for Pine SGC, excluding projects using PG 76-22.

Figure 4.23. Standardized residuals versus fitted mean for 
log-predicted gyrations versus log 20-year ESALs.
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4.2.4.5 Predicted Ndesign Versus 2-Year Traffic for PG
76-22 Mixes

Figure 4.25 shows the relationship between 20-year design
ESALs and the predicted gyrations to match the 2-year
density for the projects constructed with PG 76-22. Although
a best fit line is shown in the figure, there is no relationship
between the 20-year design ESALs and the predicted gyra-
tions for the projects constructed with PG 76-22. A poor rela-
tionship (R2 � 0.18) was also observed for the data from the
2000 NCAT Test Track (see Figure 4.21, shown previously).
This indicates that, for the modified binders, there was no sig-
nificant correlation between change in density and traffic.

4.2.4.6 Predicted Ndesign Versus Traffic for All
Sampling Intervals

When the Ndesign table was originally developed, regression
analysis was performed between gyrations determined to
match the as-constructed density and the gyrations required
to match the in-place pavement density after more than
12 years of traffic (34). The analyses for the NCHRP Project

9-9(1) field sections presented thus far have been based solely
on the number of gyrations to match the ultimate pavement
density (2-year or 4-year). Figures 4.20 and 4.21 presented the
predicted gyrations to match in-place density for the 2000
NCAT Test Track as traffic accumulated. Figure 4.26 presents
a log-log plot of predicted gyrations versus accumulated traf-
fic for all of the NCHRP Project 9-9(1) field sections. The
gyratory data corrected to a DIA of 1.16 degrees were used for
the predictions. As expected, and as evidenced by the low R2

values, there is considerable scatter in the data. The regression
lines for the Pine and Troxler data are approximately identical.

Table 4.11 uses the equations for the best fit line to predict
gyration levels similar to Table 4.10. This method of analysis
produces slightly higher predicted gyration levels, close to
those currently specified.

4.2.4.7 Model Development to Account for Low
As-Constructed Density

One concern about the predictions discussed to date, par-
ticularly those in Table 4.10, is the high percentage of projects
with low as-constructed density. Figure 4.6 indicates that

Figure 4.24. Predicted gyrations versus 20-year design traffic
without PG 76-22 data.

80% Prediction 
Interval 

80th Percentile 
20-Year Design 

ESAL 
Current 
Ndesign 

Predicted 
Ndesign Low High Pine Troxler Avg. 

300,000 50 35 23 53 32 43 38 
1,000,000 75 43 29 65 71 73 72 
3,000,000 100 52 35 78 83 90 87 

10,000,000 100 65 43 96 59 55 57 
30,000,000 125 78 52 117 95 104 100 

100,000,000 125 96 64 145 101 82 92 

Table 4.10. Predicted gyrations to match ultimate density.
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Figure 4.25. Predicted gyrations for projects with PG 76-22.
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55 percent of the projects had as-constructed in-place densi-
ties less than 92 percent. Examination of the data suggested
that there was a strong trend between as-constructed density
and ultimate (2-year) density, as shown in Figure 4.27 for
both the field projects and the 2000 NCAT Test Track. Regres-
sion analyses between the as-constructed and 2-year in-place
densities indicated R2 � 0.65 and R2 � 0.54 for the NCHRP
Project 9-9(1) field sections and 2000 NCAT Test Track,
respectively. The shift in the regression lines between the field
sections and the 2000 NCAT Test Track is somewhat expected
because of the accelerated traffic loading at the 2000 NCAT
Test Track. A higher as-constructed density would result in a
higher ultimate density and, thus, could affect the predicted
Ndesign levels. Therefore, an attempt was made to model pave-
ment densification to predict in-place density. It was felt that
this model could possibly be used to predict Ndesign with ideal

field conditions (e.g., 92-percent or 93-percent as-constructed
density and 96-percent ultimate density).

Epps et al. (24) described factors expected to affect pave-
ment densification. Previously, high-temperature PG bump
and month of construction were shown to be significant fac-
tors that affect pavement densification. Brown and Cross (26)
suggested that the log of accumulated ESALs divided by the
log of the design compaction effort (in this case, gyrations)
was a good predictor for in-place density. From the literature,
it was suggested that pavements constructed to a low initial
density would tend to densify more and eventually obtain the
same ultimate density as pavements constructed to higher
initial densities. Figure 4.28 indicates that there is a weak
trend of increased densification for projects with lower as-
constructed densities, but no trend for projects with accept-
able construction densities. Therefore, the difference between
the laboratory density at Ndesign and the as-constructed den-
sity was considered an alternative.

A number of techniques, such as best subsets and stepwise
regression, and a number of iterations were attempted to
develop a model to predict the 2-year pavement density.Vari-
ables used to predict 2-year density included degree days over
30°C, mean average annual air temperature, NMAS, high PG,
agency-specified design gyrations, month of construction,
2-year ESALs, and as-constructed density. Initially, an attempt
was made to model pavement densification, but not even a

20-Year Design ESAL Troxler Pine 
300,000 52 52 

1,000,000 62 62 
3,000,000 73 74 

10,000,000 86 89 
30,000,000 101 105 

100,000,000 120 126 

Table 4.11. Predicted gyrations
to match in-place density.

y = 0.7147x + 29.144
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fair model could be found. Better results were obtained when
predicting pavement density. One of the best models devel-
oped is Equation 5:

Month of construction was entered as the numerical month
of construction (e.g., July � 7). Data are included for projects
constructed between April and October. Errors are expected
for certain months outside this range (e.g., January through
March). High PG is the high PG binder grade (e.g., 64, 67, 70,
or 76). The model has an R2 of 0.71, a standard error of 0.91,
and a Mallow’s C-p statistic of 5.6. All of the variables in the
model are significant (α � 0.05). It is generally desirable to
have a Mallow’s C-p statistic less than the number of variables
in the model. This model only represents a slight improve-
ment over the prediction made with as-constructed density,
which was shown in Figure 4.27 with an R2 of 0.65.

Minitab’s best subset analysis identified a five-variable
model with a Mallow’s C-p statistic of 4.5. In addition to as-
constructed density, month of construction, and high-
temperature PG, this model included degree days over 30°C
and log of 2-year ESALs. Degree days over 30°C was deter-
mined for each project from LTPPBind Version 2.1 (51). If, on
a given day, the temperature was 35°C, that day would account
for 5 degree days. The reported value is the average yearly
cumulative degree days. The data set contained projects with
0 to 444 degree days over 30°C. Regions in the southwestern
United States have much higher values for degree days over

2 Year Den. 0.771 Const. Den. 0.325
Month o

= × −
× ff Const. 0.078 High PG (5)− ×

30°C. For example, Phoenix, Arizona, has approximately
1,400 degree days over 30°C. Equation 6 presents the second
model developed for predicting 2-year (i.e., ultimate) density:

where:
2Y Density � in-place density after 2 years of traffic,

ACD � as-constructed density,
High PG � high-temperature PG,

MC � month of construction (e.g., July � 7),
including data from April through
October,

30CDD � degree days over 30°C, and
2Y ESALs � accumulated ESALs at 2 years.

Equation 6 has an R2 of 0.76 and a standard error of 0.88. The
number of degree days is not significant at the 5-percent level,
but is significant at the 10-percent level. The p-value for log
2-year ESALs is 0.182, indicating that 2-year ESALs are not
significant. The fact that accumulated traffic is not strongly
related to densification is not completely surprising, since the
projects were designed with a tiered system where projects
with higher traffic levels tended to have more angular aggre-
gates, stiffer binders, and higher design gyration levels.

The models were then used to recalculate the 2-year den-
sity for each project assuming that the as-constructed density
was 92 percent (the actual values were used for all of the other

2Y Density 30.61 0.786 ACD 0.132
High PG 0.

= + ×
× −

-
2204 MC 0.0041

30CDD 0.321 Log2Y ESALS (6)
× +

× + ×

y = -0.609x + 58.569
R2 = 0.43

y = -0.2158x + 22.668
R2 = 0.03
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Figure 4.28. Two-year densification versus as-constructed density.
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variables). The number of gyrations to match the new 2-year
density (based on a 92-percent as-constructed density) was
calculated for each project. Unfortunately, the resulting pre-
dicted gyrations produced even poorer relationships with
design traffic than those presented previously. This tends to
indicate that the scatter in the predicted gyration versus ESAL
data was not due to the range of as-constructed densities.

Another source for the scatter in the predicted gyration
versus ESAL data might be the fact that the HMA for the dif-
ferent projects were not all produced at 4-percent air voids.
A project constructed with higher laboratory air voids
would be less likely to densify in the field, and a project con-
structed with low laboratory air voids would be more likely
to densify in the field. One way to address this issue would
be to look at the field densities as a percentage of laboratory
density. A model was developed to predict Ndesign as a
function of high-temperature PG and design ESALs. As-
constructed density was normalized to 92-percent Gmm in
the model development. The following steps were taken to
develop the model:

1. The 2-year in-place density for each project was expressed
as a percentage of Gmb (i.e., laboratory density) deter-
mined at 100 gyrations for both the Pine and Troxler SGCs
normalized to a DIA of 1.16 degrees.

2. A model was developed to predict the 2-year percentage of
laboratory density similar to Equations 5 and 6. Models
were also developed to predict laboratory density (i.e., per-
centage of Gmb) as a function of as-constructed density,
high-temperature PG, and ESALs.

3. A matrix was developed consisting of twelve 2-year in-
place densities based on as-constructed densities of 92 per-
cent, two high-temperature PGs (64 and 76), and a range
of design traffic (Table 4.12).

4. The in-place density (i.e., the percentage of Gmm) corre-
sponding to each of the predicted laboratory densities

(i.e., the percentage of Gmb) was determined for each proj-
ect. (Table 4.12 shows these densities.)

5. The number of gyrations needed to match each of the in-
place densities determined in Step 4 was determined. The
range of gyrations for each percentage of laboratory den-
sity determined in Step 3 is relatively small. In other words,
the SGC compacted all of the mixes in this study at
approximately the same rate. This makes sense because the
SGC is a constant strain compaction device. The average
number of gyrations to match each of the percentages of
laboratory density in Table 4.12 was determined for both
the Pine and Troxler SGCs.

6. Finally, a model was developed to relate Ndesign back to
high-temperature PG and log ESALs. As-constructed
density dropped out of the model because it was set to
92 percent Gmm in all cases. This was accomplished through
the percentage of laboratory (Gmb) density described in
Steps 1–5.

The 2-year in-place density, expressed as a percentage of
the laboratory density determined at 100 gyrations, was
regressed against the same set of predictors used previously
(Step 2). Equations 7 and 8 present the models developed for
the Pine and Troxler compactors, respectively:

where:
ACD � as-constructed density,
HPG � high-temperature PG, and

2Y ESALs � accumulated ESALs at 2 years.

The R2 is 0.53 for the Pine model and 0.45 for the Troxler
model. Standard errors are 1.27 and 1.28 for the Pine model
and Troxler model, respectively. The high PG was not signif-
icant in either model, with p-values of 0.235 and 0.129 for the
Pine and Troxler data, respectively. These variables were
selected because they produced reasonable R2 values for both
compactors. Better models were identified for one or the
other compactor, but they did not share the same variables.

A matrix of variables was developed to examine the effect
of determining the predicted gyrations to match a given
percentage of laboratory density (Step 3 above). Table 4.12
presents the matrix of variables and the resulting percentages
of laboratory density. The in-place density corresponding
to each of the percentages of laboratory density shown in

2 Year% Troxler Lab Density 62.34 0.381 ACD= + ×
−− × +
×

0 08. HPG 1.06
Log 2Y ESALs (8)

2 Year% Pine Lab Density 53.95 0.452 ACD= + × − 0.558
× + ×HPG 1.19 Log 2Y ESALs

(7)

As- 
Constructed 

Density 

2-Year 
ESALs 

Log 2-
Year 

ESALs 

Approximate 
20-Year 
ESALs 

High 
PG 

Pine 
Predicted 
2-Year 
%Gmb %Gmb

(Lab 
Density) 

Troxler 
Predicted 
2-Year 

(Lab 
Density) 

92 30,000 4.48 300,000 64 97.2 97.3 
92 90,000 4.95 1,000,000 64 97.8 97.8 
92 230,501 5.36 3,000,000 64 98.3 98.2 
92 920,577 5.96 10,000,000 64 99.0 98.9 
92 2,583,607 6.41 30,000,000 64 99.5 99.3 
92 6,773,140 6.83 100,000,000 64 100.0 99.8 
92 30,000 4.48 300,000 76 96.5 96.4 
92 90,000 4.95 1,000,000 76 97.1 96.9 
92 230,501 5.36 3,000,000 76 97.6 97.3 
92 920,577 5.96 10,000,000 76 98.3 98.0 
92 2,583,607 6.41 30,000,000 76 98.8 98.4 
92 6,773,140 6.83 100,000,000 76 99.3 98.9 

Table 4.12. Matrix of predicted percentage of
laboratory density.



Table 4.12 was calculated for each project (Step 4). Then the
number of gyrations to match that in-place density was cal-
culated for each project (Step 5). The predicted gyrations to
match each of the percentages of laboratory density are
shown in Tables 4.13 and 4.14 for the Pine and Troxler com-
pactors, respectively. For the Pine compactor, the predicted
gyrations for a given percentage of laboratory density had a
low variability, with standard deviations ranging from 3.44 to
8.99. The predicted gyrations to match a given percentage of
laboratory density for the Troxler compactor also had low
variability, with standard deviations ranging from 4.83 to
8.98. Thus, regardless of the mix, a given percentage of labo-
ratory density (determined at an Ndesign of 100) can be
achieved with a similar number of gyrations.

Because the gyrations were related to the percentage of
laboratory density at 100 gyrations, and because the per-
centage of laboratory density was related to as-constructed
density, high PG, and ESALs, the data were analyzed to see
if a relationship existed among the average predicted gyra-
tion, high PG, and ESALs (Step 6). Because a single target
as-constructed density (92 percent) was desired, this vari-
able should drop out of the relationship. Higher as-
constructed densities would (using Equations 7 or 8) result
in higher-predicted gyrations. Although this result seems
counterintuitive from a field compaction standpoint, if a
mix were constructed to a higher level of density initially,
then one would want the mix to be more resistant to
additional densification. Likewise, a pavement constructed

Percentage of Lab Density, %Gmb 
97.2 97.8 98.4 99.0 99.6 100.2 96.5 97.1 97.7 98.3 98.9 99.5 Project 

Predicted Gyrations 
AL-1 50 58 68 79 91 107 42 49 57 66 77 90 
AL-2 55 64 72 83 94 108 47 55 62 71 81 93 
AL-3 42 51 62 75 91 111 33 41 49 60 72 89 
AL-4 34 43 54 69 86 109 26 33 41 53 66 83 
AL-5 33 42 53 67 84 108 25 32 40 51 64 82 
FL-1 43 52 61 73 86 104 35 42 50 60 70 84 
MI-1 52 60 69 80 91 105 44 51 59 68 77 89 
MI-2 48 57 66 78 91 107 40 47 55 65 75 89 
WI-1 44 53 63 76 90 108 36 43 51 62 73 88 
CO-1 38 47 57 71 86 107 30 37 45 56 68 84 
CO-2 38 47 57 71 86 106 30 37 45 56 68 84 
CO-3 44 53 62 74 87 103 36 43 51 61 71 85 
CO-4 47 55 65 77 90 107 38 46 53 63 74 88 
CO-5 46 55 64 76 89 106 38 45 53 63 73 87 
IN-1 54 62 71 81 92 106 47 53 61 70 79 91 
IN-2 40 49 58 71 85 103 32 39 47 57 68 83 
KY-1 58 66 75 85 96 109 50 57 64 73 83 94 
KY-2 58 66 74 84 94 107 50 57 64 73 82 93 
KY-3 42 51 61 74 89 108 34 41 49 60 71 87 
AL-6 33 42 54 70 89 115 24 32 40 52 66 86 
AR-1 52 61 71 83 96 113 43 51 59 69 80 94 
AR-2 52 61 71 83 96 112 44 51 59 69 80 94 
AR-3 47 56 67 80 95 114 38 46 54 65 77 93 
AR-4 42 50 60 72 85 102 34 41 48 58 69 83 
GA-1 34 44 55 71 89 115 26 33 41 53 67 87 
IL-1 56 64 72 82 93 107 48 55 62 71 80 92 
IL-2 56 64 73 84 96 111 47 55 62 72 82 94 
IL-3 54 62 71 82 93 107 46 53 60 69 79 91 
KS-1 43 52 62 75 89 107 35 42 50 60 72 87 
MI-3 40 49 59 72 87 107 32 39 47 57 69 85 
MO-1 58 67 76 87 98 113 50 57 65 74 84 97 
MO-2 54 63 71 82 93 107 47 54 61 70 79 91 
MO-3 55 64 73 84 96 110 47 55 62 72 81 94 
NC-1 29 39 51 68 88 117 21 28 37 49 64 85 
NE-1 30 39 50 65 84 110 22 29 37 48 62 81 
NE-2 36 45 56 70 86 108 28 35 43 54 67 83 
NE-3 27 36 46 61 78 103 20 26 34 45 57 76 
NE-4 37 46 56 70 86 107 29 36 44 55 67 83 
TN-1 36 46 57 71 88 111 28 36 44 55 68 86 
UT-1 47 56 66 78 91 108 39 46 54 64 75 89 

Minimum 27.1 35.7 46.0 60.6 78.0 102.4 19.9 26.2 33.8 44.5 57.3 75.5 
Average 44.6 53.4 63.1 75.8 89.8 108.3 36.5 43.7 51.5 61.7 73.0 87.8 
Maximum 58.0 66.5 75.5 86.7 98.4 116.6 50.2 57.2 64.7 74.3 84.3 96.8 
Std. Dev. 8.97 8.61 7.82 6.30 4.33 3.44 8.95 8.99 8.72 7.95 6.67 4.60 

Table 4.13. Pine-predicted gyrations to match percentage of lab density.
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to a lower as-constructed density would tend to age faster,
thereby producing a stiffer mix. Therefore, one would need
a mix that would densify more readily to achieve the same
ultimate density.

Table 4.15 shows the data used to develop the models to
predict Ndesign gyration levels from high PG and 2-year ESALs.
The average gyrations to match a percentage of laboratory
density are those shown in Tables 4.13 and 4.14 to meet the
percentage of lab density determined for the matrix in Table
4.12. Since the Pine and Troxler numbers of gyrations to
match a percentage of laboratory density at a DIA of
1.16 degrees were so close to each other, they were averaged.
Two models were then developed using ESALs, high PG,
and gyrations. One model uses the 2-year ESALs (Equation 9),
and the other model uses the 20-year ESALs (Equation 10).

Equation 10 was determined following the same steps as
Equation 9 using the 20-year ESALs.

where:
Ndesign � the number of design

gyrations,
HPG � high PG, and

2-Year or 20-Year ESALs � the 2-year or 20-year design
ESALs for the project.

The R2 for both Equation 9 and Equation 10 is 0.97, with
standard errors of 3.66 and 3.54, respectively. Note that the

N 16.8 1.27 HPG 20.1 Log 20 Year ESALdesign = − × + × ss (10)

N 33.0 1.25 HPG 20.9 Log 2 Year ESALsdesign = − × + × ((9)

Percentage of Lab Density, %Gmb 
97.2 97.8 98.4 99.0 99.6 100.2 96.5 97.1 97.7 98.3 98.9 99.5 Project 

Predicted Gyrations 
AL-1 52 60 68 78 89 102 41 48 54 62 71 81 
AL-2 58 66 73 83 92 104 48 54 60 68 76 85 
AL-3 43 52 60 72 84 99 33 39 46 54 63 75 
AL-4 36 44 54 67 81 101 25 31 38 47 57 71 
AL-5 35 42 51 62 75 91 25 31 37 45 54 66 
FL-1 46 54 63 75 87 103 35 41 48 57 66 78 
MI-1 53 61 69 79 89 102 43 49 55 63 71 82 
MI-2 49 57 65 76 88 103 38 44 51 59 68 80 
WI-1 45 54 63 74 87 102 34 41 48 56 66 78 
CO-1 42 51 60 72 85 101 32 38 45 53 63 75 
CO-2 44 53 62 75 88 106 32 39 46 55 66 79 
CO-3 46 54 63 73 84 99 36 42 49 57 65 77 
CO-4 48 56 65 76 87 102 37 44 50 59 68 79 
CO-5 47 55 63 74 86 100 36 42 49 57 66 78 
IN-1 54 62 69 79 89 101 44 50 56 64 72 82 
IN-2 41 50 59 71 83 100 31 37 44 52 62 74 
KY-1 58 66 73 83 92 104 48 54 60 68 76 85 
KY-2 59 66 74 84 93 105 48 55 61 69 77 87 
KY-3 42 51 60 71 84 101 32 38 45 53 63 75 
AL-6 34 42 52 65 81 101 23 29 36 45 56 70 
AR-1 54 63 71 82 93 106 43 50 57 65 74 85 
AR-2 56 64 72 83 94 108 44 51 58 66 75 86 
AR-3 56 65 74 86 98 113 45 51 59 68 77 89 
AR-4 50 59 69 81 95 112 38 45 52 62 72 85 
GA-1 36 45 55 68 83 103 26 32 39 48 58 73 
IL-1 56 63 71 80 89 101 46 52 58 65 73 83 
IL-2 59 66 74 84 94 107 48 54 61 69 77 87 
IL-3 57 64 72 82 92 104 46 52 59 67 75 85 
KS-1 46 55 64 76 88 104 35 42 49 57 67 79 
MI-3 41 49 58 70 83 100 30 36 43 51 61 74 
MO-1 60 68 76 86 96 109 49 56 62 71 79 89 
MO-2 57 65 72 81 91 103 47 53 59 67 75 84 
MO-3 58 65 73 83 93 105 47 53 60 67 76 86 
NC-1 30 38 46 57 69 85 22 27 32 40 49 60 
NE-1 33 41 51 64 79 99 22 28 35 44 54 68 
NE-2 39 47 57 70 84 102 28 34 41 50 60 74 
NE-3 30 38 47 60 75 95 20 25 32 40 50 64 
NE-4 40 48 57 68 81 98 29 35 42 50 60 72 
TN-1 37 46 56 68 83 102 27 33 40 49 59 73 
UT-1 48 56 65 75 86 100 38 44 50 59 67 78 

Minimum 29.5 37.6 45.7 56.6 68.7 85.0 19.9 25.3 31.6 40.0 48.6 60.1 
Average 46.9 55.0 63.6 74.7 86.7 102.1 36.3 42.4 49.0 57.5 66.6 78.3 
Maximum 60.3 68.2 76.2 86.2 97.7 112.9 49.3 55.8 62.4 70.6 79.0 89.3 
Std. Dev. 8.98 8.78 8.30 7.39 6.19 4.83 8.81 8.98 8.96 8.66 8.08 7.05 

Table 4.14. Troxler-predicted gyrations to match percentage of lab density.



model reduces Ndesign by approximately 15 gyrations for a
two-grade bump in high PG (e.g., 64 to 72). The lowest traf-
fic level is approximately equal to the 50 gyrations currently
specified in AASHTO R 35 for less than 300,000 ESALs. The
predicted Ndesign for unmodified binders for the highest
traffic level is approximately 25 gyrations less than the 125
gyrations currently specified in AASHTO R 35. Further, the
predicted gyrations for the unmodified binder (PG 64)
approximately match those determined in Table 4.10 (pre-
sented previously), but are slightly higher in the 10 million
to 30 million, 20-year ESAL range.

4.2.5 Evaluation of Locking Point

The locking point concept was first developed for Illinois
DOT (45, 46). The Illinois definition of the locking point is
the first instance of three consecutive gyrations having the
same sample height immediately preceded by two instances
of two consecutive gyrations resulting in the same sample
height (locking point 3-2-2), as shown in Figure 4.29. Other
agencies have used different definitions of the locking
point: (1) the first instance of two consecutive gyrations
resulting in the same sample height (locking point 2), as
shown in Figure 4.30; (2) the second instance of two con-
secutive gyrations resulting in the same sample height
(locking point 2-2), as shown in Figure 4.31; and (3) the
third instance of two consecutive gyrations resulting in the
same sample height (locking point 2-2-2), as shown in
Figure 4.32. One general criticism of the locking point
concept is that there is little research to tie the results to a
physical quantity in the field.

Table 4.16 shows the locking point for each of the cases
described above. One encouraging aspect of the locking point
calculations was that the locking point was approximately the

same number of gyrations for both the Pine and Troxler SGCs
without any adjustments, as shown in Figure 4.33. However,
as shown in Figure 4.34, the density at a given definition of the
locking point was higher for the Pine compactor if the data
are not corrected to a DIA of 1.16 degrees. There was almost
no relationship (R2 � 0.14) between the agency-specified

Predicted 
Gyrations to a 
Percentage of 
Lab Density 

2-Year 
ESALs 

20-Year 
ESALs 

High 
PG 

Avg. Pine 
Gyrations 

to a 
Percentage 

of Lab 
Density* 

Avg. 
Troxler 

Gyrations 
to a 

Percentage 
of Lab 

Density* 

Average 
Gyrations 

to a 
Percentage 

of Lab 
Density Eq. 9 Eq. 10 

30,000 300,000 64 45 47 46 46 46 
90,000 1,000,000 64 53 55 54 56 56 

230,501 3,000,000 64 63 64 64 64 66 
920,577 10,000,000 64 76 75 76 77 76 

2,583,607 30,000,000 64 90 87 89 86 86 
6,773,140 100,000,000 64 108 102 105 95 96 

30,000 300,000 76 37 36 37 31 30 
90,000 1,000,000 76 44 42 43 41 41 

230,501 3,000,000 76 51 49 50 49 50 
920,577 10,000,000 76 62 58 60 62 61 

2,583,607 30,000,000 76 73 67 70 71 71 
6,773,140 100,000,000 76 88 78 83 80 81 

*Percentages of lab density shown in Table 4.12 

Table 4.15. Matrix of gyrations.
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Figure 4.29. Illinois definition of locking 
point—locking point 3-2-2.
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Figure 4.30. Different locking point 
definition—locking point 2.
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Figure 4.31. Different locking point 
definition—locking point 2-2.

Figure 4.32. Different definition of locking 
point—locking point 2-2-2.

Project 
20-Year 
ESALs 

Agency 
Ndesign 

Pine 
LP 2 

Troxler 
LP 2 

Pine 
LP 2-2 

Troxler 
LP 2-2 

Pine LP 
2-2-2 

Troxler 
LP 2-2-2 

Pine LP 
3-2-2 

Troxler 
LP 3-2-2 

KY-1 53,706 50 60 61 65 66 69 70 95 97 
KY-3 84,028 75 42 42 47 47 50 50 71 70 
AL-6 143,958 95 35 34 39 39 42 42 57 57 
NE-3 365,719 76 31 31 35 36 38 39 53 53 
NE-1 383,385 68 34 34 38 38 40 41 54 57 
CO-3 523,624 109 47 49 51 53 55 57 73 80 
CO-4 720,911 86 45 46 49 53 54 56 77 80 
CO-1 756,789 68 37 39 41 44 44 47 57 63 
UT-1 771,982 75 47 48 52 53 55 56 74 76 
FL-1 811,658 86 45 46 50 51 54 55 75 75 
CO-2 1,017,593 86 39 41 43 45 46 49 57 63 
CO-5 1,017,593 86 47 46 53 52 56 56 80 80 
MI-2 1,250,146 75 49 48 54 53 58 58 81 82 
NE-2 1,450,960 96 38 39 42 44 46 47 67 68 
MI-3 1,515,200 75 40 39 45 45 49 48 68 69 
AL-5 1,809,675 75 35 37 39 41 42 44 56 58 
IN-1 1,850,992 100 58 58 63 64 68 69 99 99 
TN-1 3,490,393 100 37 35 41 39 45 43 65 63 
AL-2 3,610,001 100 60 63 65 67 69 71 103 104 
AL-4 4,899,406 100 36 37 41 42 44 44 62 63 
AL-1 6,748,142 106 52 53 58 56 61 62 88 87 
GA-1 8,803,521 100 37 37 41 42 44 45 60 61 
AL-3 8,861,352 100 42 44 46 49 50 53 70 74 
KS-1 10,075,962 100 46 46 51 52 55 56 77 78 
KY-2 12,438,605 100 63 62 69 69 73 73 105 108 
MO-2 12,517,675 100 61 60 66 66 71 71 101 102 
WI-1 14,614,748 100 45 44 49 49 53 53 79 78 
MI-1 15,966,398 125 58 58 63 64 68 68 94 92 
NE-4 20,084,248 109 41 41 45 46 49 49 68 68 
IL-1 26,285,917 90 61 62 65 65 70 69 100 98 

MO-1 27,546,007 125 62 60 68 65 73 71 105 108 
IL-3 44,466,336 105 55 62 60 67 66 71 100 100 
IN-2 45,150,555 125 41 41 46 47 50 51 73 72 
IL-2 46,344,297 90 59 58 64 64 69 69 97 95 
AR-1 48,726,562 125 55 58 60 64 64 67 93 93 
MO-3 53,683,941 125 60 60 66 66 70 71 102 106 
NC-1 73,918,507 125 35 36 39 39 42 43 59 59 
AR-2 91,370,805 125 60 60 65 66 69 70 97 94 
AR-4 97,890,077 125 47  52  56  84  
AR-3 170,842,507 125 49 57 54 62 59 66 87 95 

Table 4.16. Locking point (LP) values.



Ndesign and the 3-2-2 locking point. Inspection of Table 4.16
shows that the 3-2-2 locking point was closest to Ndesign for
the Illinois projects, where the locking point concept was
developed.

Comparisons were made between the calculated density at
the four different definitions of the locking point and the as-
constructed and 2-year in-place densities. The 2 locking point

overestimated the as-constructed density, as seen in Figure
4.35. The 3-2-2 locking point appears to provide the best rela-
tionship with ultimate density, as shown in Figure 4.36. How-
ever, the relationship is weaker than that determined using
design traffic. Various subdivisions of unmodified and mod-
ified binder were attempted, since binder stiffness should not
affect the results during compaction. The best relationship

y = 0.9748x + 3.1728
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Figure 4.33. Comparison between 3-2-2 Pine and Troxler locking points.
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(R2 � 0.47) was determined for the projects with modified
binders based on the Troxler densities for the 3-2-2 locking
point. However, 3 of the 20 projects—AR-3, AR-4, and IL-2—
had missing data, which prevented their inclusion.

The use of the 3-2-2 locking point appears to be a conser-
vative way to estimate the ultimate density of the pavement.
However, one potential concern about the use of the locking
point is the lubricating effect of binder content on the num-
ber of gyrations determined for the locking point. If the
asphalt content selected for the locking point determination
is on the dry portion of the VMA curve, then the locking
point may be higher, whereas if it is on the wet side, then the
locking point may be lower than or close to the locking point
at the optimum asphalt content. An evaluation of the locking
point over a range of binder contents is beyond the scope of
this study. Also, the locking point appears to be a function of
the aggregate type, angularity, and gradation and is not
related to the design traffic. Table 4.17 summarizes the 3-2-2
locking point values by primary aggregate type. Harder aggre-
gates, such as granite, produce lower locking points than
softer or more friable aggregates, such as limestone or sand-
stone. Obviously, a wide range of materials meet the descrip-
tion of gravel or limestone.

4.2.6 Pavement Condition After 4 Years

Visual assessments were conducted along with the pave-
ment coring at each coring interval (see Appendix C). Rut
depths were measured with a 6-ft string line. Table 4.18 pre-
sents the 4-year rut depth measurements. The maximum
observed rutting averaged 6.4 mm. The average rutting
observed for all of the projects was 1.7 mm. The Superpave
mixes were all very rut resistant. Fourteen projects showed
noticeable raveling; 13 projects showed cracking; 13 projects
had popouts; and 7 projects showed moisture damage in
either the test layer or the underlying layer.

The rut depths from the field projects match the findings
of the 2000 NCAT Test Track. Brown et al. (52) reported an
average rut depth after 10 million ESALs in 2 years of 2.7 mm,
with a maximum rut depth of 7.4 mm. The two sections with

the most rutting, N3 (7.4 mm) and N5 (7.1 mm), were both
placed with asphalt contents approximately 0.5 percent above
optimum. Brown et al. also noted that sections containing PG
76-22 rutted 60 percent less than sections constructed with
unmodified PG 67-22. The majority of the observed rutting
was attributed to pavement densification under traffic.

4.2.7 Evaluation of Ninitial

Table 4.19 shows the densities at Ninitial corrected to a DIA
of 1.16 degrees. The table is sorted by 20-year traffic.
AASHTO M 323-04 specifies that the density at Ninitial be less
than 91.5 percent for 20-year traffic levels less than 0.3 mil-
lion ESALs, less than 90.5 percent for traffic levels between
0.3 million and 3 million ESALs, and less than 89.0 percent

Aggregate 
Type 

N Average 
Standard 
Deviation 

Granite 4 63 7.6 
Gravel 18 72 12.8 

Dolomite 2 87 13.9 
Limestone 9 93 15.4 
Sandstone 3 96 6.5 

Slag 1 99 NR 

NR = no measurement required. 

Sublot 1 Sublot 2 Sublot 3 
Core Location Project 

1 2 3 1 2 3 1 2 3 

Avg., 
mm 

Std. Dev.,
mm 

AL-1 2 2 2 2 1 3 - - - 2.0 0.83 
AL-2 3 2 2 0 0 2 5 5 6 2.7 2.03 
AL-3            
AL-4            
AL-5            
FL-1            
MI-1 10 9 9 6 7 7 3 2 4 6.4 2.60 
MI-2 2 2 2 1 0 2 - - - 1.3 0.82 
WI-1 0 0 0 0 0 0 0 0 0 0.0 0.00 
CO-1 3 2 4 5 5 3 7 6 7 4.8 1.77 
CO-2 1 2 2 2 3 3 3 3 3 2.6 0.79 
CO-3 0 0 0 0 0 0 - - - 0.0 0.00 
CO-4 2 1 1 2 2 1 2 2 2 1.5 0.62 
CO-5 3 2 2 5 5 5 4 3 3 3.6 0.98 
IN-1 2 3 2 0 0 2 3 5 2 2.2 1.53 
IN-2 3 2 2 5 3 4 3 2 2 3.0 0.95 
KY-1 0 0 0 0 0 0 - - - 0.0 0.00 
KY-2 1 2 0 0 0 0 - - - 0.4 0.66 
KY-3 1 0 0 0 0 1 0 0 0 0.2 0.37 
AL-6 0 0 0 0 0 0 - - - 0.0 0.00 
AR-1 2 2 2 2 2 2 2 2 2 1.9 0.40 
AR-2 3 2 3 3 3 2 - - - 2.8 0.66 
AR-3 3 3 2 2 1 3 - - - 2.2 1.06 
AR-4 2 2 2 2 2 2 2 2 2 2.1 0.40 
GA-1 1 1 1 1 1 0 2 1 0 0.7 0.48 
IL-1 0 1 0 1 1 1 0 0 1 0.4 0.42 
IL-2 1 3 2 3 3 3 3 2 2 2.6 0.79 
IL-3 0 0 0 0 0 1 1 2 2 0.5 0.69 
KS-1 1 0 1 1 2 2 2 1 1 1.0 0.53 
MI-3 0 0 0 0 0 0 0 0 0 0.0 0.00 
MO-1 1 2 1 2 1 3 4 1 2 1.9 1.19 
MO-2 2 2 2 1 1 2 3 2 2 1.7 0.74 
MO-3 0 0 0 1 0 0 0 0 0 0.1 0.26 
NC-1 6 2 2 1 2 2 1 2 1 2.0 1.73 
NE-1 2 5 4 2 2 2 - - - 2.5 1.46 
NE-2 1 1 1 2 2 2 2 2 2 1.5 0.62 
NE-3 2 2 2 2 2 2 2 2 2 2.2 0.35 
NE-4 1 1 2 2 2 4 2 2  1.8 1.02 
TN-1 2 2 2 3 2 3 2 2 1 2.0 0.80 
UT-1 0 0 0 0 0 0 0 0 0 0.0 0.00 

Blank cells signify that the 4-year data were not collected. Dashes signify that only
two samples were taken at the time of construction. 

Table 4.17. 3-2-2 Locking point
by aggregate type.

Table 4.18. Four-year rut depth measurements, mm.
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for traffic levels greater than 3 million ESALs. As shown in
Table 4.19, none of the samples from projects with design
traffic less than 0.3 million ESALs fail Ninitial, 36 percent of the
samples with design traffic levels between 0.3 million and 
3 million ESALs fail Ninitial, and 26 percent of the samples
with design traffic levels greater than 3 million ESALs fail
Ninitial. Failures occur in 11 of the 40 projects. The mixes are
fine-graded for 9 of the 11 projects that fail Ninitial. Both of the
coarse-grade projects, AL-3 and AL-5, had lower laboratory
air voids at the agency-specified Ninitial level. Both projects
averaged 3.0 percent air voids. Project GA-1 also had low air
voids (1.9 percent) at the agency-specified Ninitial gyrations.

The field notes taken at the time of construction indicate
tender mix problems for only one project, NE-4 (which fails

the Ninitial requirements). However, construction issues were
not commented on at all for many of the projects, so it is pos-
sible that there were tender mix problems on other projects.
Historically, contractors have found ways to deal with tender
mixes in the field.

When the Superpave system was first introduced, the Nini-

tial requirements worked in conjunction with the restricted
zone requirements and the fine aggregate angularity require-
ments to limit the amount of natural sand or rounded fine
aggregate particles in HMA. The restricted zone requirement
has been eliminated because it was demonstrated that well-
performing mixes frequently passed through the restricted
zone. Ninitial is sensitive to gradation and the presence of
rounded fine aggregate particles.

Pine Troxler 
Project 

20-Year 
ESALs 

Gradation Ninitial 1 2 3 1 2 3 

KY-1 53,706 C 6.0 85.3 84.9 - 85.1 84.5 - 
KY-3 84,028 F 7.0 88.8 89.1 88.9 88.8 88.6 88.6 
AL-6 143,958 F 8.0 90.8 91.0 - 90.6 91.0 - 
NE-3 365,719 F 7.0 90.5 91.7 90.8 90.5 92.1 91.3 
NE-1 383,385 F 7.0 90.4 91.9 - 90.7 91.9 - 
CO-3 523,624 C 8.0 87.8 88.3 - 88.1 88.3 - 
CO-4 720,911 F 7.0 88.4 88.9 87.3 88.3 88.4 87.6 
CO-1 756,789 F 7.0 90.6 92.3 91.5 90.4 91.9 91.2 
UT-1 771,982 F 7.0 87.9 88.8 88.9 87.7 88.5 88.8 
FL-1 811,658 C 7.0 85.8 87.9 - 86.1 87.1 - 
CO-2 1,017,593 F 7.0 91.9 90.8 90.9 91.8 91.0 90.8 
CO-5 1,017,593 F 7.0 87.5 87.9 87.6 87.3 87.5 87.4 
MI-2 1,250,146 F 7.0 87.8 88.4 87.9 87.9 88.1 87.9 
NE-2 1,450,960 F 8.0 89.4 89.6 89.7 89.6 90.1 89.8 
MI-3 1,515,200 F 7.0 88.8 89.0 - 88.5 88.8 - 
AL-5 1,809,675 C 7.0 91.2 91.1 90.9 90.9 90.4 91.0 
IN-1 1,850,992 C 8.0 84.3 85.8 85.8 84.3 85.2 85.2 
TN-1 3,490,393 F 8.0 89.9 90.2 90.0 91.3 90.8 90.4 
AL-2 3,610,001 C 8.0 85.5 84.3 83.9 84.9 83.7 83.4 
AL-4 4,899,406 C 8.0 88.6 88.9 89.2 88.7 88.7 89.0 
AL-1 6,748,142 C 8.0 86.9 85.9 86.0 87.1 86.1 86.2 
GA-1 8,803,521 F 8.0 91.1 91.9 91.8 91.6 92.1 91.4 
AL-3 8,861,352 C 8.0 88.9 89.1 - 88.8 89.1 - 
KS-1 10,075,962 F 8.0 86.4 88.1 87.3 86.7 87.9 87.1 
KY-2 12,438,605 C 8.0 81.3 84.8 - 80.9 84.4 - 
MO-2 12,517,675 C 8.0 NA 86.2 84.5 85.6 86.5 84.1 
WI-1 14,614,748 C 8.0 87.0 87.5 87.6 86.4 87.5 87.6 
MI-1 15,966,398 C 9.0 84.3 85.0 84.2 83.7 84.3 84.0 
NE-4 20,084,248 F 8.0 90.1 90.6 90.0 89.7 90.6 90.2 
IL-1 26,285,917 C 8.0 83.8 84.5 84.2 84.0 83.9 84.0 

MO-1 27,546,007 C 9.0 84.6 85.9 86.1 86.0 86.4 85.7 
IL-3 44,466,336 C 8.0 83.6 84.0 83.3 84.7 84.7 84.2 
IN-2 45,150,555 C 9.0 88.7 88.5 87.1 88.1 88.4 86.9 
IL-2 46,344,297 C 8.0 84.5 86.2 86.1 85.3 87.0 86.8 
AR-1 48,726,562 C 9.0 85.0 86.8 86.1 85.0 86.5 86.0 
MO-3 53,683,941 C 9.0 85.5 86.5 86.4 85.6 86.4 86.4 
NC-1 73,918,507 F 9.0 89.7 89.3 89.2 89.2 87.7 88.8 
AR-2 91,370,805 C 9.0 85.7 85.3 - 85.3 85.5 - 
AR-4 97,890,077 C 9.0 85.5 86.3 86.2 85.7 85.9 86.3 
AR-3 170,842,507 C 9.0 87.5 85.5 - 84.7 86.0 - 

Dashes signify that only two samples were taken at the time of construction. NA signifies that
results were not available. 

Table 4.19. Summary of densities, %Gmm, at Ninitial.



tions, thereby producing little increase in sample density. The
sample densities at Nmaximum are extrapolated above Nmaximum

for 10 of the 25 projects that failed the density requirements at
Nmaximum. These extrapolations may be erroneous. However,
this still leaves 15 of 40 projects that failed Nmaximum. The max-
imum rutting for a sample that failed density at Nmaximum

occurred for project MI-1, sublot 2, with an average rut depth
of 7 mm after 4 years of traffic. Sublot 1 of MI-1 actually had
a slightly higher average rut depth (9 mm), but the sample did
not fail the Nmaximum density criterion. Further, as evidenced by
Table 4.18, all of the mixes have been extremely rut resistant.
Based on the data, the Nmaximum criterion should be eliminated.

4.2.9 Summary and Discussion 
of Test Results

The asphalt content of HMA mixture, as-constructed
density, and ultimate density are all critical to the performance
of an HMA pavement. These values are all interrelated because
mixes with higher asphalt contents, for a given aggregate struc-
ture, are generally easier to compact initially and will tend to
densify more under traffic. The determination of an HMA
mixture’s optimum asphalt content has changed significantly
since the first asphalt pavements were introduced in the 1870s.
Optimum asphalt contents were initially selected by experi-
ence. As the popularity of HMA grew, there were not enough
experienced individuals to determine the optimum asphalt
content for all of the HMA mixtures being placed. In the late
1930s and 1940s, asphalt technologists began to develop labo-
ratory compaction methods, with the goal of matching the
ultimate pavement density. It had been observed that an HMA
pavement densified under traffic from its as-constructed den-
sity to an ultimate density, typically within 2 to 3 years after
construction. Initially, only one laboratory compaction level
was used for a given system, but as tire pressures and traffic
volumes grew, the concept of a tiered design system was devel-
oped where laboratory compaction increased with increasing
tire pressures or traffic volumes. The concept of a tiered labo-
ratory compaction was to address the tendency for increased
tire pressure or traffic volumes to produce a denser aggregate
skeleton. However, if the laboratory compaction effort was too
high, it could be difficult for the contractor to achieve the
required as-constructed density in the field. A general sum-
mary of the historical HMA mix design philosophy would be
to put as much asphalt in a mix as possible without compro-
mising rut resistance. Hveem (5) suggested using just enough
asphalt to allow adequate compaction in the field with the
equipment available. Marshall was quoted as emphasizing the
importance of designing the densest (i.e., minimum VMA)
possible aggregate structure (6).

A tiered system was adopted for the Superpave mix design
system. In the Superpave mix design system, minimum
required aggregate properties, such as angularity, recommen-

Pine Troxler 
Project Nmaximum 

1 2 3 1 2 3 
AL-1 169 98.5 97.5 97.6 98.9 98.0 97.8 
AL-2 160 97.7 97.0 97.2 98.3 96.3 96.4 
AL-3 160 97.9 97.7 - 98.0 98.7 - 
AL-4 160 95.5 96.2 97.0 95.3 96.0 97.1 
AL-5 115 98.1 98.0 97.8 98.4 97.8 98.2 
FL-1 134 95.6 97.0 - 95.0 96.5 - 
MI-1 205 97.4 98.5 97.4 96.1 97.4 96.3 
MI-2 115 97.9 98.4 98.0 97.3 97.9 97.5 
WI-1 160 96.2 97.2 97.3 95.9 96.5 97.0 
CO-1 104 98.8 99.9 98.8 98.5 100.0 99.0 
CO-2 134 99.4 99.5 99.4 99.5 99.4 99.4 
CO-3 174 98.8 98.9 - 98.7 99.2 - 
CO-4 134 98.7 98.7 97.9 98.3 98.3 97.8 
CO-5 134 97.5 97.9 97.8 96.8 97.3 97.1 
IN-1 160 97.4 98.7 98.6 96.2 97.6 97.4 
IN-2 205 98.2 98.8 97.2 97.5 97.9 96.5 
KY-1 75 96.7 96.8 - 95.8 95.5 - 
KY-2 160 94.9 98.4 - 93.5 97.2 - 
KY-3 115 97.0 97.5 97.8 96.7 96.8 97.2 
AL-6 150 97.2 97.8 - 97.4 98.0 - 
AR-1 205 97.3 99.5 98.4 97.5 99.0 98.9 
AR-2 205 97.5 98.4 - 97.8 98.5 - 
AR-3 205 96.8 97.8 - 97.3 99.2 - 
AR-4 205 95.8 96.5 96.3 95.8 96.5 96.9 
GA-1 160 98.3 99.1 98.3 98.1 100.0 99.1 
IL-1 140 96.5 97.4 97.3 96.3 96.7 96.8 
IL-2 140 96.7 98.7 98.5 98.1 99.7 99.4 
IL-3 165 95.7 96.6 96.3 97.1 97.6 97.7 
KS-1 160 96.9 96.2 96.5 96.2 96.8 96.6 
MI-3 115 97.0 97.0 - 96.6 96.5 - 
MO-1 205 99.0 100.0 100.0 100.0 100.0 100.0 
MO-2 160 NA 98.5 97.6 98.6 99.3 97.8 
MO-3 205 99.5 100.0 100.0 99.9 100.0 100.0 
NC-1 205 97.1 96.5 95.9 96.5 96.3 96.9 
NE-1 104 96.5 97.8 - 97.0 98.4 - 
NE-2 152 97.0 97.6 97.4 97.3 97.9 97.7 
NE-3 117 96.6 97.6 96.9 96.9 98.2 97.3 
NE-4 174 98.5 98.9 98.4 99.0 99.4 98.5 
TN-1 160 97.9 97.7 97.7 98.6 98.5 98.4 
UT-1 115 97.9 99.0 98.7 97.4 98.7 98.6 

Dashes signify that only two samples were taken at the time of construction.
NA signifies that results were not available.   

Table 4.20. Summary of densities, %Gmm, 
at Nmaximum.

4.2.8 Evaluation of Nmaximum

Table 4.20 shows the densities at Nmaximum corrected to a DIA
of 1.16 degrees. AASHTO M 323 specifies that the density at
Nmaximum be less than 98 percent. At the agency-specified
Nmaximum, 36 percent of the Pine samples and 40 percent of the
Troxler samples failed the Nmaximum density criterion. One or
more samples exceeded the maximum density at Nmaximum for
25 of the 40 projects. When NCAT collected the field data,
samples were compacted to both 100 and 160 gyrations.
Therefore, sample densities for Nmaximum gyrations greater than
160 are extrapolated. Although there is a very good relation-
ship between sample density and log of gyrations, at high
gyration levels (above the mixture’s locking point and Ndesign)
this relationship tends to break down with additional gyra-
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dations for high-temperature binder grade, volumetric prop-
erties, and laboratory compaction effort, all change with
design traffic levels.

Brown and Buchanan (2, 39) demonstrated that, for a
given gradation, VMA was reduced approximately 1 percent
when the Ndesign level was increased by 30. Thus, a mixture
designed for minimum VMA at an Ndesign level of 125 would
be expected to have a measured VMA of approximately 2 per-
cent above the value at 125 gyrations when compacted to 
75 gyrations. Thus, higher Ndesign levels tend to force the
aggregate gradation away from the maximum density line. If
traffic does not densify these mixtures to as dense of an aggre-
gate structure as the SGC, then the mix gradation may be
coarser or finer than is needed. Cooley et al. (56) discussed the
influence of gradation on pavement permeability. Coarser
mixes tend to be more permeable at a given pavement density
than finer mixes. It is also expected that as the Ndesign level is
increased, more compaction effort is required to achieve
acceptable density in the field, though this has been difficult
to quantify.

It should be noted that asphalt content is generally consid-
ered to be independent of Ndesign (although dependent for a
given mix) and dependent on the design (i.e., minimum)
VMA and air void content. However, Watson et al. (43)
indicated that the average design VMA for Georgia DOT
mixes, using similar aggregates, was higher for Marshall-
designed mixes than for Superpave mixes, even though the
minimum VMA requirements were the same in both cases. If
Ndesign levels are too high, the designer is forced to design
closer to the minimum VMA requirement and cannot allow
a cushion for production variability.

The field data from this study indicated that the as-
constructed density, based on cores, for 55 percent of the
projects tested was less than 92 percent of Gmm. Statistical
analyses indicated that the agency specifications or practices
significantly affected the as-constructed density. Two of the
agencies with the best as-constructed densities, Colorado
DOT and Georgia DOT, have specifications that tend to
increase the asphalt content of the mixture. Colorado DOT
designs with 100-mm-diameter SGC molds. Samples com-
pacted in 100-mm-diameter molds tend to result in lower
sample densities than samples compacted in 150-mm-
diameter molds for the same number of gyrations. Georgia
DOT will field-adjust a mixture’s asphalt content in order to
ensure specified levels of as-constructed density.

The field projects reached their ultimate density after
2 years of traffic, as indicated by the fact that the in-place
densities did not change between 2 years and 4 years of
trafficking. The majority of the densification occurred in the
first 3 months. The month in which the project was con-
structed significantly affected the amount of densification
that occurred. Projects constructed in the month of May

tended to densify the most (approximately 4.0 percent).
Projects constructed in April or June on average densified
approximately 0.5 percent less than those constructed in May.
Projects constructed in July or August densified slightly less
than the average of all of the projects, approximately 3.0
percent. Projects constructed in September or October
densified the least, an average of approximately 2.3 percent.
High-temperature PG or the number of high-temperature
PG bumps as compared with the climatic PG significantly
affected pavement densification. Mixes containing PG 76-22
or with two high-temperature PG bumps densified less than
softer binders.

The majority of the samples from the field projects did not
achieve the laboratory air void content at the agency-specified
Ndesign level (Figure 4.19). At a laboratory air void content of
4 percent, the average in-place air void content was 5.5 percent
after 2 years of traffic. This indicates that the laboratory com-
paction effort is higher than the combined compaction dur-
ing construction and from traffic. Brown et al. (52) showed
that mixtures designed to 100 gyrations at the 2000 NCAT
Test Track compacted to their ultimate density when 10 mil-
lion ESALs were applied in 2 years. This equates to more than
100 million ESALs for a 20-year design life, indicating that the
mixes should have been designed at 125 gyrations using the
AASHTO R35-04 Ndesign table. Further, the mixes were
designed using an SGC with a low (approximately 1.02) DIA,
which would provide less laboratory compaction than an
SGC set to a DIA of 1.16 ±0.02 degrees.

Three different analyses were used to try and determine
where the Ndesign levels should be set. In the first analysis, the
numbers of gyrations to match the 2-year (i..e, ultimate) in-
place densities were related to the accumulated traffic. The
two different compactors used in the study produced backcal-
culated Ndesign values that differed by approximately 20 gyra-
tions. These differences were attributed to differences in the
DIA for the two compactors. AASHTO (4) has adopted a DIA
of 1.16 ±0.02 degrees as an alternative to an external angle of
gyration of 1.25 ±0.02 degrees. The data were adjusted to a
DIA of 1.16 degrees, and the resulting backcalculated Ndesign

values for the two SGCs compared well (Figure 4.16).
A relationship was developed between log of design traffic

(ESALs) and the log of Ndesign. There was a good deal of scat-
ter in the data, but this was expected based on the literature
review. The exclusion of projects constructed with PG 76-22
improved the relationship. Using this relationship, the Ndesign

values for the currently specified traffic levels could be calcu-
lated. The best fit line (R2 � 0.57) indicated reduced gyration
levels at all traffic levels (Figure 4.24). The high side of the 
80-percent prediction interval approximated the currently
specified Ndesign levels (Table 4.10). The 80th percentiles for
the projects within each category were also calculated; these
percentiles also indicated reduced Ndesign levels, though the



reduction in the 0.3 million to 1 million ESAL category was
minimal. The original Ndesign levels were determined using the
best fit of the data, without any adjustment for the confidence
or prediction interval (34). Several projects that could not
clearly be identified as outliers were excluded from this analy-
sis, as was the use of modified binders.

The second analysis looked at the predicted gyrations to
match the in-place density at each of the sampling periods 
(3 months, 6 months, 1 year, 2 years, and 4 years). The origi-
nal Ndesign table was determined by a log-log regression analy-
sis between the gyrations to match the as-constructed density
and the density after 12 or more years of traffic and accumu-
lated ESALs (Figure 4.26). This second analysis is then closer
to what was originally done to determine the Ndesign levels.
This second analysis indicated design gyration levels (Table
4.11) close to those currently specified by AASHTO R 35.
However, there is a tremendous amount of scatter in the data
(R2 � 0.37 for Pine compactor and R2 � 0.34 for Troxler
compactor).

The third analysis attempted to reduce the scatter in the
data and to adjust the data for the effect of as-constructed
density. As noted previously, 55 percent of the projects had 
as-constructed densities less than 92 percent. It was demon-
strated that the as-constructed density affected the 2-year, or
ultimate, density. Models were developed to relate the 2-year
percentage of laboratory density at 100 gyrations to as-
constructed density, high PG, and accumulated ESALs. It was
found that the predicted gyrations to match a given percent-
age of laboratory density represented a small range, with a
standard deviation between 3.44 and 8.99 gyrations. A matrix
of expected percentages of laboratory density was developed
based on high PG and traffic (Table 4.12). The as-constructed
density was set to 92 percent in all cases. The number of gyra-
tions to match the percentage of laboratory density deter-
mined in the matrix was calculated for each of the projects.
Equations 9 and 10 were then developed to relate the average
gyrations determined to match the in-place densities to high
PG and traffic, assuming an as-constructed density of 92 per-
cent. Table 4.15 summarizes these results, which are similar to
the results determined using the first analysis (Table 4.10).

Rut depth measurements were taken in the field at the 
2-year and 4-year sampling intervals. A maximum average rut
depth for a project after 4 years of traffic was 7.4 mm, with an
overall average of 2.7 mm. The rut depth measurements alone
support lowering the Ndesign levels because, even at 95-percent
reliability, 2 of 40 pavements would be expected to have unac-
ceptable levels of rutting. Similar findings were reported for
the 2000 NCAT Test Track. It was also noted that sections con-
structed with PG 76-22 at the 2000 NCAT Test Track rutted
60 percent less than sections constructed with PG 67-22. Most
of the rutting at the 2000 NCAT Test Track was attributed to
pavement densification.

Combined, these data indicate that the Ndesign levels can be
reduced. As noted previously, the predicted Ndesign levels
change very rapidly at 20-year design traffic levels less than
3 million ESALs; therefore, caution must be used at this traf-
fic level. Though lower Ndesign values than currently specified
are recommended based on the first analysis for the lowest
traffic levels (Table 4.10), there is little or no experience with
these levels. Further, density and, therefore, optimum asphalt
content can change very rapidly at lower gyration levels. If the
levels are too low, the compacted samples are not stable
immediately after compaction. Therefore, it is recommended
that 50 gyrations be maintained for the lowest traffic levels.

The combined data from the field projects and the 2000
NCAT Test Track indicate that a maximum Ndesign level of 100
gyrations will provide good performance for very high traffic
levels. This is a 25-gyration decrease from the currently spec-
ified levels. This reduction is also supported by the Ndesign II
Experiment (3), which suggested that there was virtually no
difference in shear stiffness for mixes designed at 100 and 130
gyrations.

Of the various approaches considered to evaluate Ndesign,
two approaches were considered to recommend new Ndesign

levels. Both of these approaches were summarized above. The
first approach used the relationship between accumulated
ESALs and the number of gyrations to match the in-place
density after 2 years of traffic, or ultimate density, for the
unmodified projects (shown in Figure 4.24 and summarized
in Table 4.10). The second approach used regression analysis
to predict the in-place density after 2 years of traffic as a per-
centage of laboratory density based on as-constructed den-
sity, high PG, and log of accumulated ESALs after 2 years. A
second analysis related the percentages of laboratory density
to gyration levels (Equations 9 and 10 and Table 4.15). The
second approach was selected to recommend new Ndesign lev-
els. The second approach allowed the data to be corrected for
the low as-constructed densities observed for 55 percent of
the projects. The second approach could also be used to
account for the effect of PG 76-XX or stiffer binders.

Table 4.21 summarizes the recommended Ndesign levels for
all traffic levels. The values in Table 4.21 are based on Equa-
tions 9 and 10. The predicted values from Equation 9, which
are presented in Table 4.15, were rounded in Table 4.21 to
produce four levels. The largest rounding occurred at 30 mil-
lion ESALs, where the predicted value was 88 and 86 based on
Equations 9 and 10, respectively. The recommended Ndesign

levels determined from Table 4.15 are slightly more conserva-
tive than the Ndesign levels recommended in Table 4.10. Values
are presented for two ranges of binder stiffness:
high-temperature PG less stiff than PG 76-XX and high-
temperature PG of PG 76-XX or stiffer. The NCHRP Project
9-9(1) field studies did not indicate a clear differentiation in
performance for the limited number of modified binders that
did not meet PG 76-22.
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The NCAT Test Track data (52) support the NCHRP
Project 9-9 (2) recommendation to lower Ndesign when the
layer is deeper than 100 mm from the surface. The 2000
NCAT Test Track data suggested a reduction in Ndesign of
37 gyrations between the surface lift and a lift 50 mm from
the pavement surface.

In addition to the 20-year design traffic, a 2-year design
traffic level is shown as an alternative for consideration. The
2-year ESALs were used to develop most of the relationships
in this study. A 20-year design for a surface course is most
likely unreasonably long. Further, the specified traffic growth
rate has a large effect on the 20-year design traffic. The
WesTrack experiment noted that rate of loading was impor-
tant, especially for temporary pavements designed for short
periods (64).

The 3-2-2 locking point values, determined from the field
projects, are generally of the same magnitude, though not
necessarily for the same mixes, as the unmodified Ndesign val-
ues proposed in Table 4.20. The minimum 3-2-2 locking
point was 53 gyrations for project NE-3 with a gravel coarse
aggregate, and the maximum 3-2-2 locking point was 108
gyrations for project KY-2 with a limestone coarse aggregate.
The locking point values were distributed throughout the
proposed gyration levels for unmodified binders. Ten projects

had a 3-2-2 locking point between 50 and 65 gyrations,
13 projects between 65 and 80 gyrations, 12 projects between
80 and 100 gyrations, and 5 projects more than 100 gyrations
(108 maximum).

Huber and Anderson (44) provided an overview of the
expected consequences of changing Ndesign, as shown in
Table 4.22. The changes in aggregate properties would occur
within the checks and balances provided by the consensus
aggregate properties. The use of lower Ndesign levels will tend to
allow mixtures to be designed with gradations closer to the
maximum density line and still meet minimum VMA require-
ments. The use of lower Ndesign levels will tend to increase opti-
mum asphalt contents slightly because contractors will most
likely design with a slightly larger cushion above the minimum
specified VMA. However, to ensure that the optimum asphalt
contents increased, the minimum VMA requirements would
also need to be increased. An increase in the minimum VMA
requirements of 0.5 percent would result in an increase of
approximately 0.2 percent in optimum asphalt content. Thus,
the adoption of the recommended Ndesign levels in Table 4.21,
along with an increase in minimum VMA of 0.5 percent,
would have a combined effect of allowing somewhat denser
gradations and increasing the optimum asphalt content
slightly. Probably the most important outcome resulting from

20-Year Design Traffic, 
ESALs 

2-Year Design Traffic, 
ESALs 

Ndesign for 
binder  

< PG 76-XX 

Ndesign for 
binders 

≥ PG 76-XX 
or mixes 
placed  

> 100 mm 
from surface 

< 300,000 < 30,000 50 NR 
300,000 to 3,000,000 30,000 to 230,000 65 50 

3,000,000 to 10,000,000 230,000 to 925,000 80 65 
10,000,000 to 30,000,000 925,000 to 2,500,000 80 65 

> 30,000,000 > 2,500,000 100 80 

Table 4.21. Proposed Ndesign levels for an SGC DIA 
of 1.16 ±0.02 degrees.

Property Increased Ndesign Decreased Ndesign 

Coarse aggregate angularity 
Increased demand for 
crushed aggregate 

Reduced demand for 
crushed aggregate or no 
change 

Fine aggregate angularity Reduced natural sand 
Reduced need for 
manufactured sand or no 
change 

Gradation Changed to increase VMA 
Changed to reduce VMA or 
no change 

Air voids No effect No effect 

VMA 
No effect after mix 
adjustment 

No effect after mix 
adjustment 

Voids filled with asphalt Little or no change Little or no change 
Compaction on road More difficult Less difficult 
Mixture stiffness Increased stiffness Decreased stiffness 

Table 4.22. Effect of design compaction on mixture 
properties (44).



a reduction in the Ndesign levels would be the fact that mixtures
designed with lower Ndesign values would tend to be more com-
pactable in the field. The reduction in mixture stiffness may be
overstated. In the Ndesign II Experiment (3), for mixes designed
at their respective gyration levels (70, 100, and 130 gyrations),
there was essentially no difference in G∗

(10 Hz, 50 C) between 130
and 100 gyrations and a 18- and 3-percent reduction in shear

stiffness between 100 and 70 gyrations for the limestone and
gravel mixes, respectively. However, the shear stiffness of the
gravel mixes averaged 34 percent less than the shear stiffness
of the limestone mixes. The use of the locking point would
tend to exacerbate this difference because the locking point
values for limestone aggregates tended to be higher than for
gravel aggregates.
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The three objectives of this research were (1) to evaluate
the field densification of pavements designed using the
Superpave mix design system, (2) to verify or determine the
correct Ndesign levels, and (3) to evaluate the locking point
concept. A wide range of climates, design traffic levels, PGs,
lift-thickness-to-NMAS ratios, gradations, and aggregate
types was included in this study.

The general goal of previous studies has been to determine
the laboratory compaction effort that matches the ultimate
density of the pavement after the application of traffic. Previ-
ous studies to determine or confirm laboratory compaction
efforts have indicated a great deal of variability between field
and laboratory compaction; therefore, variability was
expected in this study. The variability in this study may have
been acerbated by three factors:

1. Field and traffic compaction are generally constant stress,
while the SGC is a constant strain device.

2. The mixes sampled in this study contained a wide range of
binder grades, which was not typical of previous studies.

3. The mixes in this study were designed under a tiered
system of aggregate properties and Ndesign levels.

5.1 Conclusions

Based on the results from this research study, the following
conclusions can be made.

1. Pavements appear to reach their ultimate density after
2 years of traffic. The average in-place density for all of the
projects was the same at 2 and 4 years (94.6 percent of
Gmm). A fair relationship was determined between the as-
constructed density and the density after 2 years of traffic.
The majority of pavement densification, approximately
66 percent, occurs during the first 3 months after con-
struction. Both the high PG and the high-temperature

bumps between the climatic and specified PG were found
to significantly affect pavement densification, with stiffer
binders resulting in less densification. The ultimate in-
place densities of the pavements evaluated in this study
were approximately 1.5 percent less than the densities of
the laboratory-compacted samples at the agency-specified
Ndesign.

2. The number of gyrations to match the ultimate in-place
density was calculated for each project in this study. The
calculated values for the two compactors used in this study
differed by approximately 20 gyrations. This was attrib-
uted to differences in their DIA. The predicted gyrations
adjusted to a DIA of 1.16 degrees showed good agreement
between the two machines.

3. Several analyses were conducted to evaluate the Ndesign

levels. Combined, these analyses indicated that the Ndesign

levels could be reduced.
4. A relationship was also developed to relate the 2-year

percentage of laboratory density at 100 gyrations to as-
constructed density, high PG, and accumulated ESALs. It
was found that the predicted gyrations to match a given
percentage of laboratory density represented a small range,
with a standard deviation of 3.44 to 8.99 gyrations. A
matrix of expected percentages of laboratory density was
developed based on high PG, traffic, and an as-constructed
density of 92 percent. The numbers of gyrations to match
the percentages of laboratory density determined in the
matrix were calculated for all of the projects. An equation
was then developed to relate the average gyrations deter-
mined to match the in-place densities to high PG and traf-
fic. The predicted gyrations were very similar to those
determined using the first analysis. However, this analysis
accounted for the low as-constructed densities of some of
the projects and the use of PG 76-XX or stiffer binders. It
was found that Ndesign could be reduced by approximately
15 gyrations when PG 76-XX was specified. This method-
ology was used to recommend new Ndesign levels.

C H A P T E R  5

Conclusions and Recommendations
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5. The locking point concept was evaluated as an alternative
to Ndesign. The locking point values determined for the Pine
and Troxler compactors were almost identical; however,
densities at the locking point value (without adjustment to
account for differing DIAs) were different. The density at
the 3-2-2 locking point is weakly correlated to the ultimate
density of the pavement. The locking point appears to be
related to aggregate type, with softer aggregate producing
higher locking point values.

6. All of the projects in this study were very rut resistant. The
maximum observed rutting for the field projects was
7.4 mm, with an average rut depth for all of the projects of
2.7 mm after 4 years of traffic. Indications of durability
problems suggested that increased asphalt contents would
be beneficial.

7. The requirements for Ninitial were evaluated based on the
field project data. AASHTO M 35 specifies a tiered density
requirement at Ninitial depending on traffic level. In the
300,000 to 3,000,000 ESAL range, 32 percent of the sam-
ples failed the Ninitial requirement. In the greater than
3,000,000 million ESAL range, 20 percent of samples failed
the Ninitial requirement. The majority of the projects that
failed the Ninitial requirement were fine-graded. All of the
projects are performing well in terms of rutting resistance.
Only one project failed the Ninitial and was tender in the

field. There is no strong evidence to keep the requirements
for Ninitial.

8. The requirement for Nmaximum was evaluated based on the
field project data. AASHTO M 35 specifies a density
requirement of less than 98 percent at Nmaximum to guard
against the potential for rutting. Thirty-six percent of the
samples tested with the Pine compactor and 40 percent of
the samples tested with the Troxler compactor failed the
density requirement at Nmaximum. However, the projects
have all been extremely rut resistant. Therefore, the den-
sity requirement at Nmaximum does not appear to be a good
indicator of rutting potential and should be eliminated.

5.2 Recommendations

Based on the research conducted in this study, the follow-
ing recommendations are made: The specification for angle
of gyration should be revised to allow a DIA of only 1.16
±0.02 degrees. The Ndesign levels shown in Table 5.1 should be
adopted for the design of Superpave HMA. Consideration
should be given to using the 2-year design traffic volume, as
opposed to the 20-year design traffic volume or another
method of specifying rate of loading, to determine Ndesign. The
criteria for Ninitial and Nmaximum should be eliminated.

20-Year Design Traffic, 
ESALs 

2-Year Design Traffic, 
ESALs 

Ndesign for 
binders  

< PG 76-XX 

Ndesign for 
binders 

≥ PG 76-XX 
or mixes 
placed  

> 100 mm 
from surface 

< 300,000 < 30,000 50 NA 
300,000 to 3,000,000 30,000 to 230,000 65 50 

3,000,000 to 10,000,000 230,000 to 925,000 80 65 
10,000,000 to 30,000,000 925,000 to 2,500,000 80 65 

> 30,000,000 > 2,500,000 100 80 

Table 5.1. Recommended Ndesign levels for an SGC DIA 
of 1.16 ±0.02 degrees.
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AADT: average annual daily traffic
AASHTO: American Association of State Highway and

Transportation Officials
AC: asphalt content
ANOVA: analysis of variance
DAVK: dynamic angle verification kit
DIA: dynamic internal angle
ESAL: equivalent single-axle load
FHWA: Federal Highway Administration
FSCH: frequency sweep at constant height
GLM: General Linear Model
GTM: Gyratory Testing Machine
HMA: hot mix asphalt

JMF: job mix formula
LTPP: long-term pavement performance
MSE: mean square error
NCAT: National Center for Asphalt Technology
NMAS: nominal maximum aggregate size
PG: performance grade
RSCH: repeated shear at constant height
SGC: Superpave gyratory compactor
SHRP: Strategic Highway Research Program
SST: Superpave Shear Tester
VFA: voids filled with asphalt
VMA: voids in mineral aggregate
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The following appendixes are not published herein, but are available online as NCHRP Web-Only Document 96 at
www.TRB.org/news/blurb_detail.asp?id=7270:

• Appendix A: Literature Review
• Appendix B: Field Project Data
• Appendix C: Roadway Condition Surveys
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Abbreviations and acronyms used without definitions in TRB publications:

AAAE American Association of Airport Executives
AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ACI–NA Airports Council International–North America
ACRP Airport Cooperative Research Program
ADA Americans with Disabilities Act
APTA American Public Transportation Association
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
ATA Air Transport Association
ATA American Trucking Associations
CTAA Community Transportation Association of America
CTBSSP Commercial Truck and Bus Safety Synthesis Program
DHS Department of Homeland Security
DOE Department of Energy
EPA Environmental Protection Agency
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FMCSA Federal Motor Carrier Safety Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
IEEE Institute of Electrical and Electronics Engineers
ISTEA Intermodal Surface Transportation Efficiency Act of 1991
ITE Institute of Transportation Engineers
NASA National Aeronautics and Space Administration
NASAO National Association of State Aviation Officials
NCFRP National Cooperative Freight Research Program
NCHRP National Cooperative Highway Research Program
NHTSA National Highway Traffic Safety Administration
NTSB National Transportation Safety Board
SAE Society of Automotive Engineers
SAFETEA-LU Safe, Accountable, Flexible, Efficient Transportation Equity Act: 
 A Legacy for Users (2005)
TCRP Transit Cooperative Research Program
TEA-21 Transportation Equity Act for the 21st Century (1998)
TRB Transportation Research Board
TSA Transportation Security Administration
U.S.DOT United States Department of Transportation
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