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sure is set at 0.6 MPa and the angle of gyration is 1.25 degrees. The
number of gyrations per minute is 30. Three gyration levels are of
interest: design number (Ny.), initial number (¥;,), and maximum
number (N,...). Relationships were developed between those values.
The design number of gyrations ranges from 68 to 172 as a function
of climate and traffic level. The value 68 is used for selection with
design levels of less than 300,000 and average design high air tem-
peratures below 39°C, whereas 172 is used for traffic levels above
100 million ESALSs and corresponding temperatures above 44°C.

The compaction data are analyzed by computing the estimated
bulk specific gravity, corrected bulk specific gravity, and corrected
percentage of maximum theoretical specific gravity (%G.,) for
each desired gyration. The volumetric properties are calculated at
the design number of gyrations for each trial asphalt binder content.
From these data points, the designer can generate graphs of air void
content, VMA (voids in mineral aggregate), and VFA voids filled
with asphalt) versus asphalt binder content. Several criteria should
be observed. The target air void content should be 4 percent, VMA
values are a function of the nominal maximum particle size (for
instance, for a 19-mm nominal size, VMA should be higher than 13
percent), and VFA values depend on traffic level (for instance, for
a project with 10 million ESALSs the range is 65 to 75 percent). Fur-
thermore, the %G, at N, should be less than 89 percent and the
%G i at Ny, should be less than 98 percent.

It can be observed from this procedure that binder type should
have no effect on the development of gyratory compaction data
because the compaction procedure is based on equiviscous temper-
ature conditions. As such, selection of binder content should
become independent of binder type. Conceptually, a standard
binder could be specified to execute the compaction curves. Within
Superpave Level I methodology, binder grade selection is indepen-
dent of compaction curve data, and there is absolutely no need to
execute the compaction curves with the same binder that will even-
tually be used in the field. It can also be observed that compaction
data (air void content as a function of the number of gyrations) are
a function of the angle of gyration, number of gyrations per minute,
and axial pressure for the gyratory compactor. Small changes in any
of these parameters can have a significant impact on the compaction
data and criteria.

In addition to these mix criteria, Superpave Level I has asphalt
binder criteria (from AASHTO MP-1, performance-graded specifi-
cations), aggregate quality criteria (coarse aggregate angularity, fine
aggregate angularity, flat/elongated particles, and sand equivalent),
combined aggregate gradation requirements (based on the nominal
maximum particle size of the mixture), and moisture sensitivity cri-

teria. Within Superpave concepts this mix design is intended to per-

form as a system, and subtracting any of these components could
result in mixtures designed with unacceptable performance proper-
ties. On the other hand, it is possible that mixes that do not satisfy
all these criteria may perform very well.

Marshall Mix Design Method

The basic concept of the Marshall mix design method is the selec-
tion of asphalt content based on optimization or limits for several
variables that are not direct measures of performance. On the one
hand, there is a volumetric evaluation based on specimens fabri-
cated under a given set of conditions with a given level of com-
paction energy. The preset compaction energy is expected to pro-
duce density levels similar to those imposed by trafficking. After
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compaction, specimen VMA, VFA, and air void content measure-
ments are reported and evaluated against a given set of allowable
values. On the other hand, a test is executed at 60°C (140°F), which
is assumed to be a temperature representative of that typically
encountered in the pavement at which permanent deformation is
likely to occur. From the test, specific parameters are measured
(e.g., Marshall stability and flow). For instance, minimum Marshall
values are set in the specification criteria. It should be noted that in
this approach changing binder type can result in the selection of a
different asphalt content as long as the viscosity of the binder at
60°C.

Performance-Based Mix Design Method

The objective of the performance-based mix design method is to
establish the appropriate amount of asphalt content in a mix that will
simulataneously satisfy the rut resistance and fatigue cracking
requirements for a given set of conditions (e.g., traffic and environ-
ment). Figure 1 shows the process in which two mixes, A and B, are
evaluated and compared with the design requirements. Mix A
would satisfy the requirements, whereas Mix B would not. To eval-
uate rut and fatigue cracking resistance of the mixes, tests devel-
oped during Project SHRP-AOO3A were used. These tests are exe-
cuted in conditions most critical for the distress mechanism being
evaluated. For instance, the repetitive simple shear test at constant
height (RSST-CH), developed to evaluate permanent deformation
of the mix, should be executed at high temperatures representative
of those encountered in the top 5 cm (2 in.) of the pavement during
the warmest days of the year (2). The four-point flexural bending
beam fatigue test should be executed at temperatures around 20°C,
where the conditions that cause fatigue cracking are generally most
severe (7). The effects of aging and moisture on the mix are
addressed as they affect performance. Furthermore, it is recognized
that air void content changes according to traffic densification, and
tests are executed accordingly. For instance, for dense-graded
mixes, the RSST-CH should be executed at. air void contents of
approximately 3 to 4 percent, where the mix is most resistant to
accumulation of permanent deformation due to shear stresses. It is
assumed that rutting is only likely to occur when the mix drops
below that air void content range. However, successful perfor-
mance-based approaches to mix design require that compaction in
the laboratory yield specimens with performance properties identi-
cal to those obtained from field cores (9).

Using this performance-based approach, there is no need to set
explicit limits on volumetric characteristics. If a mix does not meet
a particular value of VMA or VFA, but still has the desired perfor-
mance at the expected in situ volumetric characteristics, it would be
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FIGURE 1 Performance-based
mix design concept.
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acceptable. The selection of asphalt content is based on the desired
level of performance for each mode of distress. For instance, in this
framework a change of asphalt.type, even within the same binder
grade, can affect the predictions of fatigue life.

MATERIALS

A modified binder was used for this project (10) to satisfy the PG70-
10 grade recommended for the location. The aggregate used in the
mix design stage was a crushed river gravel, and contained larger
fractions with rounded faces, whereas the smaller fractions exhib-
ited all crushed faces. Portland cement (1.0 percent by dry weight
of aggregate) was used to reduce moisture sensitivity in the mix.
Aggregate fractions were combined in order to meet the ADOT
standard gradation.

This mix design gradation conforms with the Superpave guide-
lines as shown in Figure 2. It also satisfied all binder and aggregate
recommendations of Superpave. However, during construction the

gradation was changed and a larger percentage of crushed material

was used, with 95 percent crushed on one face and 90 percent on
two faces. The fine aggregate was 100 percent mechanically
crushed. It can be seen in Figure 2 that the field gradation passes
through the Superpave restricted zone.

PERFORMANCE-BASED LABORATORY MIX

DESIGN

Permanent Deformation Evaluation

Selection of Test Temperature

It has been ADOT’s experience that most rutting develops when

summer temperatures are above normal. To minimize the possibil-
ity of this occurrence, the RSST-CH temperature was carefully
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selected. The average 7-day maximum surface pavement tempera-
ture at the site is 68.1°C (154.6°F) with a standard deviation, based
on records for 42 years, of 1.7°C (3.0°F) (obtained from the SHRP
project data base). From these values the temperature at the critical
depth for shear deformation, 50 mm (2 in.), was computed to be
61.3°C (142.3°F). Considering that a high reliability is desired, so
that this temperature is not exceeded, two standard deviations were
added (approximately 0.98 percent reliability) to that value, result-
ing in a test temperature of 65°C (149°F).

Test Results

The RSST-CH testing was performed at the University of Califor-
nia, Berkeley (UC-Berkeley) Soils and Bituminous Materials Lab-
oratory. The results were analyzed following concepts presented
previously (2,3). Essentially, a correlation was made between the
number of cycles in the RSST-CH to reach a given permanent shear
strain and the number of ESALSs that cause the equivalent rut depth.
The relationship between permanent shear strain and rut depth is
given by
Rut depth (mm) = 279 X maximum permanent shear strain (1)
The relationship between the number of cycles in the RSST-CH and
ESALs in the field is given by
Log (cycles) = —4.36 + 1.24 log (ESAL) )
A summary of the actual results is shown in Figure 2. Air void con-
tents were measured with parafilm (wp) and unsealed (np) (17-13)
based on the Rice maximum specific density (ASTM D2041).
Asphalt contents used were 4.0, 4.5, and 5.0 percent by weight of
aggregate. Rolling-wheel-compacted specimens were fabricated to
air void contents of approximately 3.2 and 6.6 percent. All speci-
mens were subjected to short-term oven aging (STOA) to simulate
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FIGURE 2 Initial laboratory mix design gradation and Superpave guidelines.
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plant aging (/4). Some of the specimens were also subjected to
long-term oven aging (LTOA) to simulate long-term aging in the
field (/4). In addition, a few specimens subjected to STOA were
conditioned in a moisture conditioning system (MCS) (3), which is
an adaptation from the ECS concept (I5).

The test results and corresponding analysis are presented in Fig-
ure 3. In general, it can be observed that low air void content spec-
imens exhibit significantly higher resistance to permanent defor-
mation because they can sustain higher number of ESALs before
reaching the design rut depth. It can also be observed that shear
resistance in low air void content specimens increases with decreas-
ing asphalt content. The results also indicate that the mixture is not
very sensitive to moisture damage, although some shear strength is
lost during the moisture-conditioning process. As expected, the mix
exhibits increased shear resistance with aging. The effects of the
aging conditioning seem more pronounced on specimens with
higher air void contents.

A multiplier of 8.97, used with the RSST-CH results here, will
result in a design with a 95 percent reliability level (3-5). This mul-
tiplier accounts for variability in test results. Consequently, to
ensure with 95 percent reliability that the RSST-CH permanent
shear strain will not exceed 3.6 percent [equivalent to a 10-mm (0.4-
in.) rut depth] before the expected 10 million-ESALs design crite-
rion, a design criterion of 89.7 million ESALs should be used.
Therefore, all considerations regarding asphalt concrete selection
should be made at this level of traffic. This level is indicated by the
95 percent reliability design level (see Figure 5).

Selection of AC Content

Selection of the binder content of a mix depends on many factors,
including resistance to permanent deformation, fatigue, raveling,
and aging. It will be presented later that fatigue life was not the crit-
ical criterion for this pavement section. One of the major concerns
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in the design of this section was to limit permanent deformation by
proper selection of aggregate, gradation, asphalt type, and content.
Figure 3 shows the variation of the number of ESALSs to reach a 10-
mm (0.4-in.) rut depth as a function of the asphalt content for dif-
ferent air void contents and conditioning processes. It can be
observed that depending on the conditioning process, at a 95 per-
cent reliability level, one could select an asphalt content in a range
between 4.1 and 4.6 percent. To be on the conservative side, and
considering that rutting is likely to occur in the first or second sum-
mer, aging of the mix to resist permanent deformation was used.
Therefore, the acceptable asphalt content range (at the 95 percent
level) drops to 4.1 to 4.3 percent. Taking into consideration that
asphalt content control in the field varies within % 0.2 percent, an
asphalt content of 4.2 percent was selected. In the worst scenario
where 4.4 percent was placed, the mix would still be able to perform
(especially if one takes aging into consideration).

Fatigue Evaluation

To evaluate the change in fatigue resistance with asphalt content,
the four-point bending fatigue test (SHRP-MO09 protocol) was
selected. Beams were fabricated and tested using the new equip-
ment (7,16), developed by SHRP-AOO3A. Two asphalt contents
were selected for this analysis, 4.0 and 5.0 percent, to bracket the
range of possible asphalt contents. The target air void content was
4.0 percent. Tests were executed under strain control at 20°C (68°F)
and at 10-Hz sinusoidal loading. Failure is defined as the number of
cycles at which the stiffness has fallen to 50 percent of its initial
value. Fatigue results can be related to field performance by means
of appropriate shift factors. For design, a multiplier of 10 was based
on cracks in 10 percent of the wheelpaths. The corresponding
fatigue curves are presented in Figure 4.

It can be seen that asphalt content affects fatigue performance
considerably. As expected, fatigue resistance is improved with
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FIGURE 3 Variation of number of ESALSs to reach 0.4-in. (10-mm) rut depth with asphalt content for mix used
in Arizona Deer Valley: mix design RSST-CH at 65°C and 32 percent void content.
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increased asphalt content. However, to select an asphalt content that
would insure adequate fatigue life, the strain level in the field must
be determined. This evaluation is detailed elsewhere (10).

Before investigating the fatigue life of the overlay being placed,
it was necessary to determine the structural characteristics of the
existing pavement. This is traditionally done using back-calculation
methods and falling weight deflectometer (FWD) data (17). Layer

thickness and FWD data used in this study were provided by the.

ADOT. The purpose of this analysis was to have an indication of
the expected fatigue life of the overlay.

From the back-calculation analysis, layer moduli were deter-
mined for a representative pavement section. Three scenarios were
considered, Case 1, Case 2, and Case 3, and computations were
made using elastic layer theory (ELSYM) to evaluate the magnitude
of the strain level due to future pavement degradation caused by
moisture effects and fatigue cracking. In Case 3 the moduli of the
existing AC layer would be reduced by a factor of 10. This was con-
sidered the worst possible scenario. Cases 1 and 2 were considered
more realistic with less severe material degradation (i.e., higher
moduli for the existing layer and for the future condition of the new
layer). It can be observed that the 10 million-ESAL design life is not
reached, even in the worst-case scenario. Therefore, project fatigue
life would not constrain the selection of asphalt content for this
project.

It is recognized that in some cases fatigue cracks in the overlay
might be due to shear fatigue instead of flexural fatigue. However,
criteria have not yet been developed for shear fatigue of asphalt con-
crete, and it is reasonable to assume that improvements in flexural
fatigue performance may be directly correlated with shear fatigue
performance.

EVALUATION OF FIELD MIX WITH RSST-CH

Field cores were taken to the laboratory and tested under the same
conditions as specimens cored from the rolling wheel slabs during
the mix design stage. The results are presented in Figure 5. It can be
observed that the cores from the field exhibit better performance
than expected. The improved performance has been attributed (/0)
to gradation change (see Figure 2), better aggregate crushing, and
also to more binder aging in the field than was simulated by the
STOA procedure used in the laboratory mix design. It has been
demonstrated (9, 10) that the results obtained from this field mix

when compacted with the rolling wheel compactor match the results
obtained from the field cores, thus eliminating the possibility of dif-
ferences due to compaction method (Figure 6). Although the labo-
ratory mix was not prepared at the 4.2 percent asphalt content (by
weight of aggregate) with the initial gradation, it is reasonable to
expect that the behavior of such a mix would be between that of the
mixes with 4.0 and 4.5 percent binder contents.
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FIGURE 5 Comparison between predictions obtained from
laboratory mix and those from field cores.
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EVALUATION USING SUPERPAVE LEVEL I MIX
ANALYSIS

The Superpave Level I mix design was executed at the Asphalt
Institute (AI), initially using the field mix (/8). The samples were
heated to 146°C for compaction in the SGC. Two samples were
compacted to the maximum number of gyrations suggested by
Superpave for the traffic and paving location. For I-17 in Phoenix,
that corresponded to 220 gyrations (Ny.), with 9 and 135 gyrations
being the respective values for initial (Vi) and design (Ny.s) com-
paction levels. After compaction, the two specimens were tested to
determine the bulk specific gravity of the compacted mixture. From
these data, the properties of the mix were determined on the basis
of air void contents measured with parafilm and unsealed. The aver-
age air void content at 135 gyrations was 7.6 and 6.3 percent with
and without parafilm, respectively.

The combined aggregate specific gravity was calculated as
2.655. This specific gravity would yield an average VMA of
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13.5 percent at Ny, The mix design criteria for a 19.0-mm
nominal mixture with an expected design traffic of 10 million
ESALs, as well as the average mixture properties, are indicated in
Table 1.

As can be seen from Table 1, the field mixture would not meet
the requirements for a Superpave Level I mixture. In particular, the
air void contents are too high at 4.0 percent asphalt binder content
(by weight of mix), and the percent VFA is too low. As part of the
Level I mix design procedure, this mixture normally would be
evaluated against other aggregate gradations by mathematically
adjusting the asphalt binder content to an amount that would result
in 4 percent air voids. The air void criterion is the most critical. In
the Superpave Level I mix design system, all mixtures are designed
to achieve 4 percent air voids.

As a first approximation, the 4.0 percent air void content require-
ment (without parafilm) could be satisfied by a mix with about 1.0
percent more asphalt content. Once mixtures are normalized to the
same air void level, the aggregate structures can be properly com-

TABLE 1 Compacted Mixture Properties from Actual Field Mix Results at 4.2 Percent Asphalt Binder
and Estimates from Mix with 5.2 Percent and Actual Specimen with 5.1 Percent Asphalt Binder

Property Results Estimated Mix Actual Criteria
Field Mix Properties from Mix Properties
Field Mix. from lab SGC
specimeén
%Asphalt Binder (by 4.2% 52% 5.1% n/a
wt. of aggregate)
%Air Voids @ Nacsign 6.3% (without 4.0% (no parafilm) 3.7% (no 4.0% (no
= 135 gyrations parafilm) parafilm) parafilm)
7.6% (with
parafilm)
%VMA @ Nacsign = 13.5%(without 13.0% 12.9% >13.0%
135 gyrations parafilm) min.
%VFA @ Nyesign = 53.3%(without 69.2% 71.3% 65-75%
135 gyrations parafilm)
Dust-Asphalt Ratio not available not available not available 0.6-12
%%Gmm @ Nigitia1 = 9 85.4%(without 87.7% 89.0% <89%:
gyrations parafilm)
"/;)Gmm @ Nmaximum = 94 8%(without 97.1% 97.3% <98%
220 gyrations parafilm)
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pared. Table | indicates the mixture properties at the estimated
design asphalt binder content.

It can be observed that on the basis of these estimated properties,
the compacted mix with the higher asphalt content would meet all
Level I criteria; however, it would be considered marginally fail-
ing on both percent VMA and percentGy,, at N,. If this mixture
had been part of a Superpave Level I trial blend analysis, an alter-
native aggregate structure (different combination or source of
aggregates) could have been considered to improve the VMA
requirements. A mix was fabricated in the laboratory with a 5.1
percent asphalt content using the field mix gradation. The mix was
aged and compacted following Superpave Level I procedures. The
results are also presented in Table 1 and corroborate the expected
results. )

A 7.6 percent air void content (with parafilm) was obtained at
the design number of gyrations for the actual field mix. If, instead
of using the air void content unsealed, one would consider air
void content measurements with parafilm as being more represen-
tative (11-13), then the mixture would require approximately
1.4 percent more asphalt binder or a change in aggregate or aggre-
gate gradation. Although this is not a direct application of Super-
pave Level I, this was the first criterion used to estimate the asphalt
content of a mix with the given gradation that would satisfy
Superpave Level I requirements. If time had permitted, specimens
would have also been compacted with an asphalt content of 5.1 or
5.2 percent.

Specimens were fabricated at UC-Berkeley with the rolling
wheel compactor at 5.6 percent (4.2 + 1.4 percent) asphalt content.
The purpose of this exercise was to evaluate the mix perfor-
mance with the RSST-CH at this asphalt content, representative
of an asphalt content required to achieve 4 percent air voids
(with parafilm) by the Superpave Level I procedure. Specimens
were fabricated in the laboratory with the field gradation at 5.6 per-
cent asphalt content (specimens labelled as CM56) and 4.2 percent
asphalt content (specimens labeled as CM42) with the rolling
wheel compactor. The results of the RSST-CH are presented in
Figure 6. It can be observed that asphalt content has a strong effect
on mix performance. At 5.6 percent it is very unlikely, within the
performance-based procedure concepts, that the CM56 mix would
satisfy the design requirements (i.e., it would be likely that a rut
depth higher than 10 mm would develop before the 10 million
design ESALs). Although not as dramatic, it is also likely that a
mix with a 5.2 percent asphalt content (by weight of aggregate)
would not satisfy the design requirements.

These results indicate that within Superpave Level I procedures,
volumetric and densification properties obtained from the field mix
are identical to those obtained from laboratory-prepared mix. They
also indicate that the criteria used by Superpave to estimate Level I
properties at different asphalt contents based on results at one
asphalt content are quite accurate.

It can then be concluded that the 4.2 percent asphalt content used
for the I-17 project does not satisfy Superpave Level I requirements.
Those requirements would be marginally satisfied with an asphalt
content of 5.1 to 5.2 percent (by weight of aggregate): however, the
field mix gradation crosses the restricted zone suggested in the
Superpave guidelines and as such would not be recommended as
part of a Superpave Level I design. Nevertheless, if this mix were
used with an asphalt content of 5.1 percent, the RSST-CH results
indicate that it would likely exhibit unacceptable premature perma-
nent deformation.
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EVALUATION USING MARSHALL MIX DESIGN

From 1969 to 1983, the 75-blow Marshall test was used to monitor
construction of HMAC by ADOT. In 1983 the Marshall test was
adopted as the HMAC mix design test by ADOT. Currently, the
Marshall test criteria include a minimum Marshall stability of 3,000
1b for Interstate highways. Marshall flow must be between 8 and 16.
The VMA range is 14.5 to 17 percent, and the HMAC air void range
is 5.8 to 6.2 percent. Marshall design criteria are monitored and con-
trolled during construction by taking four samples per lot. For each
sample, three Marshall specimens are compacted and tested. In
addition, a Rice test (ASTM D2041) is performed to determine the
maximum theoretical density (MTD) for each of the four Marshall
samples. Marshall stability and flow, as well as Marshall bulk den-
sity and air void content, are also determined for each specimen.
The results of the Marshall analysis for the field mix and cores
indicated Marshall stabilities of 5,044 and 3,760 lb and air voids of
6.2 percent and 6.9 percent, respectively. The ADOT field cores had
8.5 percent air void content on average. The VMA was 13.8 percent
with a VFA value of 71.6 percent. As can be seen, the design Mar-
shall stabilities were quite high and the field stabilities were also

" very high, which is indicative of a very stable mix.

EVALUATION OF FIELD MIX USING HAMBURG
WHEEL TEST TRACK

Field cores 400 mm (12 in.) in diameter were taken from the pave-
ment overlay, shipped to the Terre Haute Koch laboratory, mounted
in the Hamburg wheel tracking device, and tested at 50°C (122°F)
under water. One core was tested at 55°C (131°F) following Col-
orado Department of Transportation recommendations for PG 70
binders (19). The Koch laboratory has tested cores from all over the
nation in the Hamburg wheel tracking device. Figure 7 shows the
range of results of all 157 cores tested in the equipment as well as
the results from the cores from I-17. The percentile rankings for the
cores were 94 to 95 percent. The Colorado DOT’s Eurolab has cor-
related results from the Hamburg wheel tracking test to the known
performance of 20 asphalt pavements (/9). Based on their experi-
ence, the 50th-percentile curve represents a “high maintenance”
pavement, and the curve at the 90th percentile would be considered
“good,” corresponding to a pavement lasting 10 to 15 years. These
results indicate that the mix as evaluated by this method is very
resistant to ruts and stripping.
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FIGURE 7 Hamburg wheel test track results compared with
percentile ratings from other mixes from the United States.
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EVALUATION OF FIELD PERFORMANCE

In July 1994, rut depths were measured by a K. J. Lan 690 DNC
electronic profilometer at 33.3-m (100-ft) intervals. Rut depth mea-
surements with this device are representative of a 1.5-m (5-ft)
straightedge placed across each wheel path, with the recorded
value being approximately equal to the average of the two wheel
path ruts.

The average 7-day maximum air temperature reached 46°C
(116.6°F) previous to the rut depth measurements, which would
correspond to a temperature of 61.2°C (142.1°F) at 50-mm
(2-in.) depth. This temperature is identical to the average
[61.3°C(142.3°F)] obtained from 42 years of temperature records.
The average rut depth measured in the section where field quality
control took place was 1.5 mm (0.06 in.). This is indicative of good
performance based on ADOT experience, where most of the mixes
that fail do so in the first summer.

COMPARISON BETWEEN FIELD AND
LABORATORY COMPACTION METHODS

The differences in mix design methods are not only a result of the
evaluation method used but also of the compaction method
employed in specimen fabrication. To identify which laboratory
compaction method creates an aggregate structure most similar to
that obtained in the field, specimens were prepared by compacting
field mix with the following compaction methods: UC-Berkeley
rolling wheel, California kneading, Texas gyratory, SHRP gyratory
Reinhart (Asphalt Institute), SHRP gyratory Reinhart (FHWA field
trailer), and Marshall hammer (Arizona DOT). These specimens
were tested using the RSST-CH at UC-Berkeley with the prototype
of the SHRP shear machine (also known as the universal testing
machine), along with field cores from the section where the field
mix was taken.

Using a SHRP gyratory compactor by another manufacturer
additional specimens were prepared by the Asphalt Institute using
a laboratory mix with the same gradation and asphalt content as the
field mix. These specimens were then tested at the Asphalt Institute
using the commercial version of the SHRP shear tester manufac-
tured by Cox and Sons.

The rolling wheel, kneading, and Texas gyratory specimens were
all cored and cut to their final dimensions from larger compacted
masses. The SHRP gyratory and Marshall hammer specimens were
cut to their final heights but had as-compacted diametral perimeters.
The results of testing to a 2 percent permanent shear strain using the
RSST-CH are plotted in Figure 7.

The data indicate that the rolling wheel compactor best dupli-
cated the permanent shear deformation resistance of the field cores.
The Texas gyratory specimens had somewhat less resistance than
the field cores, whereas the kneading specimens had somewhat
more resistance. Note that if the kneading-compacted specimens
had lower air void content, higher shear resistance would be
expected. The SHRP gyratory and Marshall specimens had much
more resistance than the field cores. In addition, the Marshall spec-
imens could not be compacted to the same low air void contents as
the other specimens.

Three different SHRP gyratory compactors were used in this
study. The specimens . fabricated by those compactors were
tested using two different shear machines. It must be noted (see
Figure 7) that the results are quite similar, indicating good re-
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producibility of the compaction equipment and of the testing
equipment.

It is important to note that differences were found between
the results obtained from field mix with laboratory compaction
and laboratory mix compacted with the rolling wheel compactor
(see Figure 5). Those results suggested that the STOA aging proce-
dures used in this project {4 hr at 135°C (275°F)] might not be
representative of the aging occurring in the mix conditions in
Arizona. However, the test results obtained from specimens
compacted using the SHRP gyratory prepared with field mix
and laboratory mix did not show any differences (see Figure 8).
The most likely reason for this is the fact that the aggregate
structure created by the SHRP gyratory overwhelms all other
effects.

SUMMARY AND RECOMMENDATIONS

This paper presents a case study where performance-related
tests developed by Project SHRP-AOO3A were used in the mix
design process. The performance-based mix design system used is
derived from SHRP-AOO3A findings and uses the RSST-CH to
evaluate the rutting propensity of the mix. It uses the results of flex-
ural bending beam tests in an analysis system to evaluate site-
specific structural pavement fatigue life. Based on these concepts,
an asphalt content of 4.2 percent by weight of aggregate was
selected, and two test sections 1.6-km (1 mi) long were constructed
in Phoenix, Arizona, in November 1993. The field mix and cores
were then subjected to a Marshall mix design evaluation. The
results indicated that according to that methodology, the mix
would be very stable.

The mix was also evaluated based on Superpave Level I design
concepts. The mix would not be acceptable within the Superpave
framework because the field mix gradation crosses the restricted
zone for a 19-mm nominal size. Furthermore, results from the gyra-
tory compactor indicated that the mix would require about 1.0 per-
cent more asphalt content to satisfy the 4.0 percent air void require-
ment. Tests were executed with 5.6 percent asphalt content (by
weight of aggregate) with the RSST-CH, and based on the perfor-
mance-based mix design system, the mix with higher asphalt would
likely exhibit premature rutting.

Cores from the field were also subjected to the Hamburg wheel
test track; the results showed that the mix satisfies the requirements
associated with that equipment, indicating a mix with high resis-
tance to rutting and to stripping. Preliminary field observation over
one summer, with temperatures above normal, indicated that the
mix is performing well, with virtually no rutting.

Comparisons of performance between several laboratory com-
paction methods and field cores over a wide range of air void con-
tents revealed that the rolling wheel compactor produces specimens
that have permanent deformation performance properties similar to
those of field cores.

It appears that the mix selected will be able to satisfy the
design requirements. It should therefore be asked why Superpave
Level I is not capturing the good performance of this mix. Initially,
Level I mix designs were proposed for traffic levels lower than 1
million ESALs (10); however, the Superpave manual now recom-
mends Superpave Level I for traffic levels higher than 100 million
ESALs.

One could consider that Superpave Level I might be more con-
servative because it would have rejected this mix. However, the
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FIGURE 8 Comparison of results of RSST-CH tests for different compaction

methods.

main criterion for rejection was the gradation crossing the grada-
tion-restricted zone. Except for that reason, the mix could be con-
sidered marginally acceptable with a 5.1 to 5.2 percent asphalt con-
tent (by weight of aggregate). At those asphalt contents the
predictions from the performance-based mix design system suggest
that the mix would likely exhibit permanent deformation. Further-
more, ADOT experience would avoid using such high asphalt con-
tents in that pavement section.

It is therefore recommended that performance-based mix design
concepts be evaluated for implementation and that further evalua-
tion be made in conditions similar to those presented in this paper
before the Superpave Level I mix design is implemented for high-
volume roads without the corresponding performance-related tests
proposed in Superpave Level III. With this consideration, ADOT
now has two projects under contract to further evaluate SHRP
aggregate asphalt and mix design recommendations, and another
project is planned for 1995.
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Comparison of Marshall and Superpave
Level I Mix Design for Asphalt Mixes

IHAaB H. HAFEZ AND MATTHEW W. WITCZAK

Mix designs were conducted on 20 different mixtures categorized as:
(a) conventional, (b) wet process asphalt rubber (manufacturer pre-
blended), (¢) dry process rubber asphalt, (d) polymer modified mixes,
and (e) wet-process asphalt rubber (plant-blended). These designs were

" developed using both the Marshall procedure and the Superpave gyra-
tory Level I procedure. A comparison between the design asphalt con-
tents results obtained by the two procedures is presented. The Super-
pave designs were conducted at a traffic level compared to traffic for
the 75-blow Marshall procedure and for three climatic regions repre-
sentative of cool to warm conditions. Major problems were encoun-
tered with the Superpave gyratory approach for five mixtures within the
dry-process rubber asphalt groups. These problems appear to be related
to the high resiliency of the rubber aggregate during the gyratory com-
paction process coupled with time-dependent swell of these mixtures
directly after compaction. It is concluded that the Superpave Level 1
mix design approach is not applicable to those mixtures. For the other
four groups of mixtures studied, differences between the binder con-
tents from the Marshall and Superpave were found to be a function of
the group type. Differences in design content obtained from the Super-
pave gyratory were found to be about 1.0 percent more asphalt as
the climatic regions went from warm to cool conditions.
This finding was true for all types of mixtures studied. In general,
the conventional mixtures and manufacturer-preblended rubber
asphalts gave similar design values between the Marshall and “warm”
Superpave climatic region and the contrast is true for the plant-
blended rubber asphalt. In contrast, 0.5 percent to 0.8 percent less
asphalt was found for the Superpave design, in warm conditions,
compared to the Marshall design for the polymer modified asphalts
investigated.

The main objective of the laboratory mix design process for asphalt
mixtures is to determine the combination of binder and aggregate
that, when properly constructed, will yield an asphalt mixture that
will withstand loading and environmental distress throughout the
intended design and performance period.

The two most common mix design procedures used in the United
States are the Marshall and Hveem procedures, with the former
being the most widely used. In 1993, the Strategic Highway Re-
search Program (SHRP) introduced the Superpave laboratory mix
design procedure, which is based on a gyratory compaction device
(I). Conceptually, the Superpave laboratory testing procedure is
intended to be applicable for all types of asphalt mixtures: virgin
and recycled hot mixtures, with or without modified binders even
though SHRP research almost universally focused on conventional
asphalt mixtures and binders.

The Superpave mix design procedure recommends three distinct
hierarchical levels of design, termed Level L, II, and III, which are
dependent on the anticipated traffic volume. Also, under each
design level, the influence of the project site climatic conditions
(related to design air temperature) are also combined in the mix

I. H. Hafez, University of Maryland, College Park, Md. 20742. M. W.
Witczak, University of Maryland, College Park, Md. 20742.

design process. Table 1 presents Superpave guidelines for the num-
ber of design gyrations to be used under design Level I for different
design air temperatures and traffic [equivalent single axle loads
(ESALSs)]. These design gyrations, coupled with the specific mix-
ture gyratory densification curves developed for each mix under dif-
ferent asphalt contents, can be used to determine the design asphalt
content. The final design asphalt (binder) content will depend on
traffic level and environmental conditions.

" In contrast to the proposed Superpave gyratory mix design
approach, the Marshall mix design uses an impact hammer to
achieve the design level of compaction (air voids) as a basis for
establishing the design asphalt content. The compaction energy is
controlled by the number of blows the specimen will be subjected to
in the compaction process. The majority of agencies using the Mar-
shall specify 35-, 50-, or 75-blow compaction consistent with the
anticipated traffic level (=10% 10* — 108, >10°, respectively). For
this widely used mix design process, it can be recognized that the
final design asphalt (binder) content will only depend on traffic level.

STUDY OBJECTIVES

The major objectives of this study were twofold. The first objective
was to obtain quantitative information on the difference in de-
sign asphalt contents determined by the Marshall design and SHRP-
Superpave gyratory Level I procedure for a variety of mixtures. The
second objective was to develop a preliminary assessment of the ap-
plicability of the Superpave Level I design to several types of non-
conventional (rubber and polymer modified) mixtures. '

It should be clearly recognized that the pursuit of these objectives
should not be misconstrued to show that the final design asphalt
contents from one approach are much better than another as this can
only be accomplished by a rigorous lab study encompassing more
fundamental test procedures (e.g., moduli, permanent deformation,
fatigue) on a given mix, at a unique combination of air-asphalt binder
percentage. This study provides, for the first time, some knowledge
of the anticipated differences in design asphalt content between the
two major compaction processes evaluated. Because of the limited
number of the mixtures evaluated, it is hoped, however, that other
agencies will conduct similar studies to broaden the data base,
results, and implications of this study.

MIXTURES INVESTIGATED

A total of 20 different mixtures were evaluated in the comparative
mix design study. These mixtures have been classified into the five
major groups identified in Table 2. The major groups investigated
were: (a) Group 1-—conventional mixtures, (b) Group 2—wet
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TABLE 1 Superpave Design Number of Gyrations (1)

Traffic Average Design Air Temperature (° C)

(ESALSs) < 34 35-36 37-38 39- 40 41-42 43 - 44
<3510 50 59 68 74 78 82

< 1x106 55 65 76 83 88 93
<3x108 61 73 | 86 95 100 105
< 1x107 67 31 9% 106 113 119
<3x107 74 92 109 121 128 135
<1x108 84 105 126 139 146 153
> 1x108 93 18 143 158 165 172

process asphalt rubber (manufacturer preblended), (c¢) Group 3—
dry process rubber asphalt, (d) Group 4—polymer modified, and
(e) Group 5—wet process asphalt rubber (plant blended).

For all mixtures investigated, the aggregate type, source, stock-
pile gradations, and maximum nominal size were identical except

istration (MSHA) dense aggregate grading with maximum nominal
size of 12.5 mm (/2 in.) were used for all mixes except the Plus Ride
mixtures where an open grading was used with a maximum nomi-
nal size of 12.5 mm (/2 in.) and 19.0 mm (*/4 in.) for Plus Ride No.
12 and No. 16, respectively. Table 3 summarizes the job mix gra-

for the two Plus Ride mixtures. A Maryland State Highway Admin-

TABLE 2 Summary of Asphalt Mixtures Group Evaluated

dation for all of the mixes studied.

Mix ldentification

UM Project

Group Description

1 Conventional

2 Wet Process Asphall Rubber
(Manufacturer Preblended)

3 Dry Process Rubber Asphalt

4 Polymer Modified

5 Wel Process Asphalt Rubber

(Plant Blended)

Chevron AC-20
Neste AC-20
Conoco AC120/150

Neste SAR 10/5
Neste SAR 10/10

Ecoflex (Bitumar)

Generic: Chevron AC-20 (1% R)
Generic' Chevion AC-20 (2% R)
Generic: Chevron AC-20 (3% R)
Plus Ride No 12 (3% R)
Plus Rude No.16 (3% R)

Neste EVALAST
ELVALOY (Con 120/150 +1.5%

Mod)

ELVALOY (Con 120/150 + 2 0% Mod)

Citgo AC-10 (0% EO + 10% CR)
Citgo AC-10 (3% EO + 15% CR)
Citgo AC-10 (7% EO + 20% CR)
Citgo AC-20 (0% EO + 10% CR)
Citgo AC-20 (3% EO + 15% CR)
Citgo AC-20 (7% EO + 20% CR)

MSHA Rubber Project
Neste Oil Study
DuPont Study

Neste Qil Study
MSHA Rubber Project
MSHA Rubber Project

MSHA Rubber Project
MSHA Rubber Project
MSHA Rubber Project
MSHA Rubber Project
MSHA Rubber Project

Neste Oil Study
DuPont Study
DuPont Study

MSHA Rubber Project
MSHA Rubber Project
MSHA Rubber Project
MSHA Rubber Project
MSHA Rubber Project
MSHA Rubber Project
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TABLE 3 Summary of Mix Aggregate Properties

Sieve Job Mix Gradation (% Pass)
mm (#) All Mixes Plus Ride No. 12 Plus Ride No. 16
2540 (1" 100.0 100.0 100.0
19.00 (3/4™) 100.0 100.0 96.0
12.70 (1/2') 96.0 94.0 670
9.50 (3/8") 82.0 69.0 500
4.75 # 58.4 28.0 32.0
2.36 (#8) 409 20.0 23.0
1.18 (#16) 24.0 17.0 13.0
0.60 (#30) 14.7 16.0 15.0
0.30 (#50) 9.1 15.0 14.0
0.15 (#100) 5.5 140 120
0.75 (#200) . 5.5 110 9.2
S.G (C.A) 2,637 2,711 2722
S.G (F.A) 2.647 2.669 2.698
S.G (M.F) 2.760 2788 2.819
Bulk S.G. (Combined) 2.66] 2712 2.725
SELECTION OF MIXING AND COMPACTION MARSHALL MIX DESIGN

TEMPERATURES

Laboratory mixing and compaction temperatures for all mixtures
were selected in accordance with viscosity criteria stated by the
Asphalt Institute in MS-2 (2). For each mix, the same mix/
compaction temperatures were used for both the Marshall and
Superpave Level I mix design procedures. Mixing temperatures
were selected at a binder viscosity range of 150 to 190 ¢S while the
compaction temperature range corresponded to a binder viscosity
range of 250 to 310 ¢S. Viscosity-temperature relationships for each
binder were developed using the relationship:

log log m (cp) = A; + VTS, log Ty
where:

7 (cp) = viscosity in centipoise,
Tr = temperature in degrees Rankine, and
" A;, VIS, = regression constants.

In general, these binder relationships were developed from pen-
etration data at: 4.0°C (39.2°F), 10°C (50°F), 25°C (77°F), and
32.2°C (90°F); softening point; kinematic, and absolute viscosity
tests as well as Brookfield viscosity results. A summary of the
binder A; and VTS; values as well as the resulting mixing and com-
paction temperatures is shown in Table 4.

Test Procedure

The Marshall test method, as described in The Asphalt Institute
(TAI) manual (MS-2) (2), was used to select the “optimum/design”
binder contents for all the mixes investigated in this study. Some
modifications were made for the use of the Marshall procedure on
the dry process asphalt rubber mixes (Group 3). For all mixtures
investigated in this study, three to four different binder content per-
centages were selected for the Marshall stability analysis. Binder
percentages progressed in 1.0 percent increments to cover an air
void range between 3.0 percent to 5.0 percent, with three replicates
at each binder content. The aggregates were first combined in gen-
eral accordance with the Job Mix Formula (JMF) and then manu-
ally separated according to sieve sizes after blending. The specific
amount required for each size was then calculated to form an aggre-
gate blend of 1,200 g conforming as close as possible to the JMF.

For the asphalt rubber dry processed mixes, crumb rubber was
added to the hot aggregate at the calculated mixing temperature and
according to its percentage in the total mix. The binder, at the cal-
culated mixing temperature, was then added to the aggregate/aggre-
gate rubber blend by an amount according to its percent in the mix.
The mix was then wet-mixed for about 2 minutes at the mixing tem-
perature to ensure that the aggregate/rubber particles were com-
pletely and uniformly coated by the binder.
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TABLE 4 Summary of Binder A;, VTS, Parameters
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Mix Type Binder A VIS Mi’i;'.,gF)T"“" C“'“"’ff,i",’)" Temp
Conventional Chevron AC-20 10 72596 | -3 59598 310 290
Neste AC-20 10.93286 | -3.67221 305 285
Conoco 120/150 11.22020 | -3.78738 283 265
Wet Process Asphalt Rubber | Neste SAR 10/5 9.21569 | -3.05231 340 320
(Manufacturer Preblended) | o0 AR 10/10 9.49318 | -3.14280 350 330
Ecoflex (Bitumar) 1006920 | 335609 | . 325 105
Dry Process Rubber Asphalt | Generic: Chevron AC-20 (1%, 2%, 3°0R) 10.72596 | -3.59598 310 290
Plus Ride No. 12 & No. 16 10.72596 | -3.59598 310 290
Polymer Modified Neste EVALAST 8.70081 | -2.84582 400 375
ELVALOQY (Conoco 120/150 + 1.5% Modifier) | 10.31936 | -3.45168 310 290
ELVALOY (Conoco 120/150 + 2.0% Modifier) | 9.41115 | -3.11800 345 325
Wet Process Asphalt Rubber | Citgo AC-10 (0% EO + 10% CR) 8.42568 | -2.75490 3590 370
(Plant Blended) Citgo AC-10 (3% EO + 15% CR) 729285 | -2.34103 460 435
Citgo AC-10 (7% EQ + 20% CR) 7.33291 | -2.35572 4535 430
Citgo AC-20 (0% EO + 10% CR) 8.42707 | -2.75691 38S 365
Citgo AC-20 (3% EO + 15% CR) 7.94432 | -2.58102 410 390
Citgo AC-20 (7% EO + 20% CR) 6.80774 | -2. 1618# 510 475

Upon mixing, the loose mixture was then placed in an oven, at
160°C (320°F), for 1 hour. This aging process simulated the short-
term aging during mixing and laydown conditions. After that, sam-
ples were compacted, at the calculated compaction temperature,
using an automatic Marshall hammer with 75 blows per side. To
prevent expansion of the dry-process, rubber-compacted mixes in
the molds during the cooling period, two plugs were placed under
and above the specimen in the molds, and then a 10-Ib (minimum)
weight was placed on the specimen. After the specimens cooled
to room temperature, they were removed from the molds and
their height and weight in air and in water were recorded. The
specimens were then immersed in a water bath maintained at
140°F (60°C). After 30 to 40 min, they were removed from the
water bath and tested immediately using the Marshall apparatus.
Stability and the flow values were recorded. Bulk density, specific
gravity, voids (air), voids in mineral aggregate, voids filled with
asphalt, and the stability/flow values were calculated for each spec-
imen and the average for the replicates at the same binder content
were also calculated.

Selection of Design Binder Contents

Design binder contents were selected, for each mixture, at air void
levels of 3.0 percent, 4.0 percent, and 5.0 percent. These results, for
the 75-blow Marshall study, are shown in Table 5. From this table,
it can be observed that only insignificant changes are shown for the

Group I (conventional) mixtures. For the Group 2 (asphalt rubber
manufacturer preblends), asphalt contents for the two 10 percent
rubber blends (SAR 10/10 and Ecoflex) are essentially the same and
are about 0.5 percent more than the 5 percent rubber preblended
(SAR 10/5).

The dry process rubber asphalt generic mixtures shown in Group
3 indicate that the demand for the total asphalt content, at any air
void level, is increased by approximately 1.3 to 1.7 percent for each
1 percent increment of rubber (see also Chevron AC-20); Group 1
(conventional) for 0 percent rubber. For the Group 4 polymer-
modified mixtures, the asphalt contents are -about 0.3 percent more
for the EVALAST modifier and are about 0.7 percent more for the
DuPont ELVALOY mixtures.

For the Group 5 {asphalt rubber plant-blended), it was observed
that for the mixtures using the AC-10 binder there is no significant
difference in the design binder content as the percent of the rubber
increases from 10 percent to 20 percent at any air void level. In con-
trast, mixes prepared with the AC-20 resulted in design binder con-
tents being increased by about 0.1 percent for each 1 percent
increase of rubber.

SHRP-GYRATORY COMPACTION

Test Procedure

The Superpave Level I mix design method requires specimen
compaction with a gyratory compactor capable of providing a con-
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TABLE § Sumhlary of Design Asphalt Content (Marshall)
Group | Description Mix Identification A.C. at Temp./Vair
Va-3% Va=4% Va=5%
1 Conventional Chevron AC - 20 5.1 48 44
Neste AC - 20 5.1 47 43
Conoco AC 120/150 S.1 438 44
2 Wet Process Neste SAR 10/5 53 4.7 43
(Manufacturer Preblended) | Neste SAR 10/10 58 53 4.7
Ecoflex (Biuunar) 57 53 483
3 Dry Process Rubber Asphalt | Generic' Chevron AC-20 (1% R) 6.2 5.7 5.5
Generic. Chevron AC-20 (2% R) 3.0 13 6.3
Genenc: Chevron AC-20 (3% R) 9.0 32 7.7
Pluse Ride No. 12 (3% R) 10.0 8.9 7.5
Pluse Ride No. 16 (3°0 R) 74 64 -
4 Polymer Modified Neste EVALAST 5.5 S 4.6
ELVALOY (Conoco 120/150 + 1.5% Mod) 58 53 48
ELVALOQY (Conoco 120/150 + 2.0% Mod) 5.9 55 5.1
5 Wet Process Citgo AC-10 (0% EO + 10% CR) 6.6 5.9 S4
(Plant Bleaded) Citgo AC-10 (3°6 EO + 15% CR) 6.6 6.1 5.6
Citgo AC-10 (7% EO + 20% CR) 7.0 59 S4
Citgo AC-20 (0% EO + 10% CR) 6.0 5.7 53
Citgo AC-20 (3% EO + 15% CR) 6.3 59 5.7
Citgo AC-20 (7°0 EO +20% CR) 7.0 6.7 6.4

solidation pressure of 0.60 MPa with an angle of gyration of 1.25
degrees and speed of gyration of 30.0 rpm. Cylindrical molds are
also required to accommodate specimen sizes of 100 mm to 150 mm
in diameter and with height ranges of 60 to 100 mm and 90 to
150 mm, respectively. The gyratory compactor can continuously
monitor the increase in specimen density (expressed as a percent of
its theoretical maximum specific gravity) with increasing com-
pactive effort. For all mixes investigated in this study, specimens
were compacted in the 100-mni diameter mold using a Rainhart
gyratory compactor up to 200 gyrations. Two replicates were pre-
pared at each of the three binder contents used in the Marshall mix
design. Also, mixing and compaction temperatures were maintained
the same as those used in the Marshall tests. Specimen height ver-
sus number of gyrations were saved in computer files to generate
the corrected density curves.

Uncorrected Density Curves

The density can be computed at any point in the compaction process
from the weight of the specimen and its height. This is termed the
uncorrected density (C,,).

v
wd?H 1
ux X

4 G"ll"

where

w = the weight of the specimen, gm;
H = the height of the specimen at any number of
gyrations, cm;
d = the diameter of the specimen, cm; and
G,.. = the theoretical maximum specific gravity of the tested
specimen.

To generate final densification curves, the uncorrected values of
the theoretical maximum specific gravity must be corrected using
the final height recorded at the end of compaction (H,,.) and the
measured bulk specific gravity of the specimen after the end of com-
paction (G,;).

Corrected Density Curves

After the compaction of the specimens, the final heights were
recorded and the bulk specific gravities were measured in accor-
dance with AASHTO T-166. The corrected density (C.,) at any
number of gyrations is calculated as follows:

Gmb
wd*H,,,

w

Car = Cu,\' X

Figure | represents the typical densification curves obtained for
a conventional mix (AC-20 Chevron) under 4.0 percent, 5.0 per-
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Pr = 0.0 percent (AC-20 Chevron).

cent, and 6.0 percent binder content. Each curve in this figure rep-
resents the average corrected density values for two replicates at the
same binder content.

Selection of Design Binder Contents

The first step to determine the design binder content was to select a
traffic level expected on the pavement as well as the average design
air temperature for the pavement site. Once these two factors are
selected, the design number of gyrations (Nye.) can be determined
from Table 1. The design binder content will be the one that pro-
duces a densification curve passing through 96.0 percent of theo-
retical maximum specific gravity (i.e., V, = 4.0 percent at the design
number of gyrations).

In this study, a traffic level less than 1 X 10" ESALSs was selected
in order to be consistent with the 75-blow Marshall traffic level
(>1 X 10% EAL). Ranges of the design air temperature were
selected to represent different climatic conditions. These design air
temperatures were =34°C, 37°C to 39°C, and 43°C to 44°C. The
corresponding Ny, values from Table 1 were 67, 96, and 119 num-
ber of gyrations. In addition, in lieu of simply determining the
design binder content at one level of V, = 4.0 percent binder con-
tents were also evaluated at the 3.0, 4.0, and 5.0 percent air void lev-
els conducted for the Marshall analysis. The summary of these
results is shown in Table 6.

Table 6 summarizes design asphalt contents for mixtures in
Groups 1, 2, 4, and 5. These values are not shown for Group 3 (dry
process rubber asphalt) mixtures. Significant problems were found
with these mixtures, with the Superpave gyratory device. These

problems preclude their applicability with Superpave gyratory
device and design specifications to select design asphalt contents
under the Level I approach. A more detailed discussion of these
findings is presented in ensuing sections of this paper.

COMPARISON BETWEEN MARSHALL AND
SUPERPAVE RESULTS

Approach

Tables 5 and 6 provide summaries of the design binder content for
the Marshall and Superpave gyratory procedures. These results are
shown for V, = 3.0, 4.0, and 5.0 percent. Marshall results are based
on 75-blow, while the gyratory designs have been selected to rep-
resent a comparable traffic level to the 75-blow compaction and at
three levels of temperature to simulate cool (=34°C), moderate
(37°C to 38°C), and warm (43°C to 44°C) climatic regions.

The comparison of the design asphalt contents is presented in two
approaches. The first approach uses the difference in asphalt con-
tents between the Superpave Level I and Marshall. This parameter
is referred to as the d(AC) value or:

d(AC) = AC Percent (Superpave) — AC Percent (Marshall)

The second approach was to determine the equivalent number of
gyrations, for the 75-blow Marshall results, that when used in the
Superpave procedure will yield the same design binder content as
determined by the Marshall approach. This parameter is referred to
as the N, value. Using the information shown in Tables 5 and 6,
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TABLE 6 Summary of Design Asphalt Content (Superpave Level I)
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Group | Description Mix Identification Va (%) A.C. at Temp./Vair
349C 37-389C | 43-44°C
1 Conventional Chevron AC - 20 3.0 - 5.6 5.3
4.0 5.8 5.2 4.9
5.0 5.3 4.8 4.5
Neste AC - 20 3.0 - 5.4 5.1
4.0 5.6 5.0 47
5.0 5.1 4.6 4.3
Conoco AC 120/150 3.0 5.9 5.5 5.3
4.0 5.6 5.2 4.9
5.0 5.3 4.6 -
2 Wet Process Neste SAR 10/5 3.0 - 5.7 5.4
(Manufacturer Preblended) 4.0 6.0 5.2 4.9
5.0 5.4 4.7 4.5
Neste SAR 10/10 3.0 - - 5.8
4.0 - 5.6 5.3
5.0 5.7 5.1 4.7
Ecoflex (Bitumar) 3.0 - 5.7 5.4
4.0 5.8 53 5.0
5.0 5.4 4.8 4.5
4 Polymer Modified Neste EVALAST 3.0 - 5.5 5.1
4.0 5.9 4.9 4.6
5.0 5.1 4.4 4.1
ELVALOY (Conoco 120/150 + 1.5% Mod) 3.0 5.7 5.2 5.0
4.0 5.3 4.8 4.5
5.0 5.0 4.4 4.1
ELVALQY (Conoco 120/150 + 2.0% Mod) 3.0 - 5.7 5.1
4.0 - 4.9 4.7
5.0 .52 4.6 44
5 Wet Process Citgo AC-10 (0% EO + 10% CR) 3.0 6.8 6.0 5.7
(Plant Blended) 4.0 6.2 5.6 5.3
5.0 5.7 5.2 -
Citgo AC-10 (3% EO + 15% CR) 3.0 - 6.5 6.1
4.0 6.6 5.9 5.6
5.0 6.1 5.4 5.1
Citgo AC-10 (7% EO + 20% CR) 3.0 - 7.0 6.4
4.0 7.1 6.2 5.7
5.0 6.3 5.4 -
Citgo AC-20 (0% EO + 10% CR) 3.0 - 6.6 6.2
4.0 6.8 6.0 5.0
5.0 6.2 - -
Citgo AC-20 (3% EO + 15% CR) 3.0 - 5.8 52
4.0 6.0 5.1 -
5.0 5.3 - -
Citgo AC-20 (7% EO + 20% CR) 3.0 7.2 6.5 5.9
4.0 6.6 5.6 -
5.0 6.0 - -

Table 7 is a summary of the d(AC) and N, values for the mixtures
evaluated in Group 1, 2, 4, and 5. Figure 2 presents the d(AC)

results, and Figure 3 shows the N, values obtained in the compari-

son study.

Results

As noted in Table 7 and Figures 2 and 3, mix subgroups have been
developed for the Group 2, Group 4, and Group 5 categories to facil-
itate the ensuing discussions. Based on an examination of the infor-
mation shown, the following conclusions can be drawn.

For each specific mixture evaluated, there is little (if any) varia-
tion of the d(AC) values, within a given mix, at the three levels of
V. examined. This implies that the d(AC) is independent of the tar-
get air void level used to establish the design binder content (within
the normal V, design range of 3 to 5 percent).

As would be expected, the Superpave design asphalt content is
increased as the design climatic condition becomes cooler (i.e., less
asphalt is required for warmer conditions). This finding was
observed for all mixtures evaluated. Quite interestingly, the
increase in design asphalt content by the Superpave, between the
warm (43/44°C) and cool (=34°C) condition, is equivalent to
nearly 1.0 percent more asphalt irrespective of the mix type and
group (i.e., this finding is true for conventional, wet blend rubber




TABLE 7

Summary of Design Binder Comparison Analysis

Group | Description Mix Identification Design Marshall -
*
- Va (%) d(AC) Value Neq
Cool Mod Warm
1 Conventional Chevron AC - 20 3.0 - 0.5 0.2 138
4.0 1.0 0.4 0.1 140
5.0 0.9 0.4 0.1 148
Neste AC - 20 3.0 - 0.3 0.0 120
4.0 0.9 0.3 0.0 128
5.0 0.8 0.3 0.0 124
Conoco AC 120/150 3.0 0.8 04 0.2 145
4.0 0.8 0.4 0.1 122
5.0 0.9 0.2 - 104
Group Average 0.9 0.4 0.1 130
2 Wet Process Neste SAR 10/5 3.0 - 0.4 0.1 127
(Manufacturer Preblended) 4.0 1.3 0.5 0.2 142
5.0 1.1 0.4 0.2 152
Neste SAR 10/10 3.0 - - 0.0 124
4.0 - 0.3 0.0 120
5.0 1.0 04 0.0 128
Subgroup Average 11 0.4 0.1 132
2 Wet Process Ecoflex (Bitumar) 3.0 - 0.0 -0.3 133
(Manufacturer Preblended) 4.0 0.5 0.0 -0.3 122
5.0 0.6 0.0 - 130
Subgroup Average 0.6 0.0 -0.3 131
4 Polymer Modified Neste EVALAST 3.0 - 0.0 0.4 104
4.0 0.8 0.2 -0.5 89
5.0 0.5 -0.2 -0.5 84
Subgroup Average 0.7 -0.1 -0.5 92
ELVALOQY (Conoco 120/150 + 1.5% Mod) 3.0 0.1 -0.6 -0.8 68
4.0 0.0 -0.5 0.8 72
5.0 0.2 -0.4 -0.7 77
ELVALOY (Conoco 120/150 + 2.0% Mod) 3.0 - -0.2 -0.8 91
4.0 - -0.6 0.8 80
5.0 0.1 -0.5 -0.7 67
Sugroup Average 0.1 0.5 -0.8 76
5 Wet Process Citgo AC-10 (0% EO + 10% CR) 3.0 0.2 -0.6 -0.9 76
(Plant Blended) 4.0 0.3 0.3 -0.6 87
5.0 0.3 -0.2 - 87
Citgo AC-10 (3% EO + 15% CR) 3.0 - -0.1 -0.5 96
4.0 0.5 -0.2 "~ -0.5 88
5.0 0.5 -0.2 -0.5 93
Citgo AC-10 (7% EO +20% CR) - 3.0 - 0.0 0.6 96
4.0 1.2 - 0.3 -0.2 107
: 5.0 0.9 0.0 - 98
Citgo AC-20 (0% EO + 10% CR) 3.0 - 0.6 0.2 124
4.0 1.1 0.3 -0.7 103
5.0 0.9 - - 86
Citgo AC-20 (3% EO + 15% CR) 3.0 - 0.5 -1.1 116
4.0 0.1
5.0 -0.4
Citgo AC-20 (7% EO + 20% CR) 3.0 0.2
4.0 -0.1
5.0 -0.4
Group Average 0.4

* a. d(AC) Value = AC% (SUPERPAVE) - AC % (Marshall)

b. SUPERPAVE Climatic Regions
Cool : Temp <34 °C ; Ngeg = 67
Mod : Temp =37 - 38 °C ; Nes = 96

Warm : Temp =

43 -449C ; Ngeg = 119
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FIGURE 2 Design AC percent differences (Superpave — Marshall) for mix groups evaluated.

(manufacturer-preblended and plant-blended) - and polymer-
modified asphalt mixtures).

Within a given Superpave climatic region, there are no consistent
trends in the d(AC) values between the various groups (subgroups)
identified. In general, the d(AC)-climatic trends for the two Neste
SAR (wet process-manufacturer preblends) are very similar to those
found for all three of the conventional (Group 1) mixes studied. For
the warm Superpave region, Level I design asphalt contents are
almost equivalent to those found by the Marshall procedure. In con-
trast, for the cold Superpave region, the Superpave designs require
about 1.0 percent more binder content than Marshall designs.

The Ecoflex (Bitumar) wet asphalt rubber binder appeared to be
intermediate in d(AC) values to the conventional (Group 1) and

polymer modified (Group 4) mixtures. Both polymer modified sub-
groups (DuPont Elvaloy and Neste Evalast) resulted in Superpave
asphalt contents that were significantly less (—0.5 to —0.8 percent),
for the warm Superpave condition, compared to Marshall derived
asphalt contents.

Within a given Superpave climatic region, the wet process plant-
blended mix (Group 5) d(AC) values are dependent on the rubber
percent and the binder type. For mixes prepared with AC-10
binders, the d(AC) value increases as the rubber percent increases
and the converse is true for the mixes prepared using AC-20 binder.

The average N, values for the conventional (Group 1), wet-blend
SAR and wet-blend Ecoflex (Group 2) were found to be 130, 132,
and 128, respectively. This implies that the probable response of the
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wet blends investigated is not dissimilar to conventional mixtures.
The overall average of these groups (N, = 130) is not greatly dif-
ferent from the Superpave design gyration value, for warm climatic
conditions, of N, = 119. In contrast, the polymer-modified materi-
als (Elvaloy and Evalast) resulted in N, values of 76 and 92, respec-
tively, indicating that equivalent Superpave and Marshall design
binder contents occur for colder Superpave climatic regions. This
finding was also observed for the Group 5 (wet process plant-
blended) as the overall average of N, was 89 and the subgroup aver-
ages ranged between 67 and 104, depending on the rubber percent
and the binder type.

GYRATORY BEHAVIOR OF DRY PROCESS
RUBBER ASPHALT MIXTURES

General Problem Discussion

As noted in Table 2, the study of the Group 3 (dry process rubber
asphalt mixtures) involved the Marshall and Superpave Level 1
analysis of five separate mixtures (three generic mixes developed at
the UMD and two Plus-Ride mixes). Several major obstacles devel-
oped with the implementation of the Superpave Level I approach
for the Group 3 mixtures that have led the authors to conclude that
the Superpave approach is not appropriate to select design binder
contents for the Group 3 mixtures.

These problems and limitations regarding the Superpave
approach are a direct result of two unique properties of the dry rub-
ber asphalt mixtures. The first property of these mixtures is related
to the highly resilient nature of the rubber particles used as aggre-
gate within the mix. During the gyratory compaction process, the
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change in sample height (i.e., volumetric change) is primarily an
elastic compression because of the high resilience of the rubber par-
ticles themselves. After the gyratory process is complete, a signifi-
cant instantaneous rebound may occur in the specimen. This
process is best viewed as having the gyratory device simply com-
pact a series of elastic springs.

The second characteristic of these mixtures is related to the
swelling of the sample after the compaction process stops. This pos-
itive (increase) volume change is a time dependent phenomena
whose magnitude is related to the complex interaction of rubber
type/gradation, percentage of rubber as well as asphalt cement, and
the temperature during the compaction process.

These two volumetric change properties of the Group 3 mixtures
are directly responsible for the inaccurate interpretation of lab
results for use with the Superpave Level I mix design procedure cur-
rently used (especially the N, criteria of Table 1). The schematic
influence of this volume change is shown in Figure 4. Directly after
compaction, if the mix has no volume change potential, the height
of the specimen (and subsequently the measurement of the sample
bulk density) is identical to end of compaction conditions. If the
specimen exhibits volume change, the final height at the end of
compaction and the measured bulk-specific gravity after the sample
cools cannot be used to correct the density curves (i.e., obtain C,,)
because the specimen volumes differ between the G,,, measurement
and the end of compaction process. Thus, even though “corrections”
can be computed, they will always be in error and consequently pro-
vide erroneous plots of gyrations versus air voids (or percent of
maximum theoretical gravity). In contrast, accurate estimates of the
densification curve can be obtained for mixtures with little to no
volume change after the compaction process.
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TABLE 8 Equivalent Marshall Gyrations for Group 3—Dry Process Rubber Asphalt Mixes
Group | Description Mix Identification Va (%) AC % Marshall
Marshall Neq
3 Dry Process Rubber Asphalt | Generic: Chevron AC-20 ( 1% R) 3.0 6.2 72
4.0 57 71
5.0 5.5 59
Group Average 67
Generic: Chevron AC-20 (2% R) 3.0 8.0 23
4.0 1.3 22
5.0 6.8 S 21
Group Average 22
Generic: Chevron AC-20 (3%R) 3.0 9.0 16
4.0 8.2 10
5.0 7.7 13
Group Average 13
Plus Ride No. 12 (3% R) 3.0 10.0
4.0 - 89
5.0 7.5 11
Group Average 8
Plus Ride No. 16 (3%R) 3.0 74 14
4.0 6.4 16
5.0 - -
Group Average 15
Typical Results To evaluate the influence of the time-dependent volume change

Figure 5 illustrates results of the “corrected” densification curves
for the PLUS RIDE No. 12 mixture at three binder contents. All five
of the Group 3 mixtures evaluated resulted in very similar types of
relationships. The difference in gyratory response for this mix is
quite obvious in comparison to the Group 1 (conventional) mix
response shown in Figure |. As a general rule, the “computed”
(erroneous) maximum theoretical density was achieved within 20 to
50 gyrations for all 15 mix-binder content combinations evaluated
in Group 3. As noted, the major reason associated with the rapid
“densification” of dry rubber asphalt mixtures is caused by the large
resilient (elastic) deformations within the rubber particles them-
selves and not by permanent densification of the specimen from the
compaction process.

The inapplicability of the Superpave densification curves devel-
oped for all five mixtures in Group 3 can also be viewed relative to
the N, parameter introduced in the previous section of this paper.
Table 8 summarizes for the Group 3 mixtures, the Marshall design
asphalt content and the equivalent Superpave gyratory repetitions
necessary to achieve equivalent binder contents. Of special impor-
tance is that each of the five mixtures was successfully placed in
MSHA field demonstration projects during the fall of 1993 at design
Marshall asphalt contents shown in the table at air voids between 3
and 4 percent. The Superpave N,, values (average) (67, 22, 13, 8,
and 15) are nowhere near the Table 1 (Superpave) recommenda-
tions of Ny, = 67, 96, and 119 to represent the various gyratory cli-
matic regions used in this study. In fact, the difference is so large
that it was impossible to obtain design binder contents for all five
mixtures from the Superpave criterion shown in Table 1.

increase immediately after the gyratory compaction process, the
gyratory machine itself determined the time-dependent height
change observed during the volume change process. This process
involved the preparation of an additional replicate, at each binder
content, and compacting the specimens in the gyratory device to
200 gyrations. At the end of compaction, the ram pressure was
released to a zero level and the height of the specimen recorded at
various time increments (generally 10 measurements during the first
30 min, starting at 30 sec, 1 to 2 hr, 3 to 4 hr, and 16 to 20 hr).

The measurement of volume change was computed by two
approaches using the process to obtain the G, values. In the “con-
fined” approach, the specimens were left in the gyratory mold for
16 to 20 hr after the end of the compaction process. Bulk density
measurements were obtained on the specimen after completion of
the volume change measurements. For the “unconfined” approach,
samples were extruded from the molds after about 1.5 hr from the
end of the compaction and allowed to expand volumetrically for 16
hr before the bulk gravity was measured.

Figure 6 illustrates a typical volume change (as denoted by the
air voids) pattern measured during the study. The combined influ-
ence of the nearly instantaneous and time-dependent swell pattern
on this mix is clearly shown. A volume change equivalent to an air
void change, dV, of nearly 6.0 percent was observed.

Figure 7 graphically summarizes the average dV, values (com-
puted by both the “confined” and “unconfined” approaches) for all
mixtures and binder contents evaluated and not limited to the Group
3 mixtures. While dV, values were recorded for Groups 1, 2, and 4,
their magnitude is not considered to be significant relative to the dV,
values obtained on the Group 3 (dry-process rubber asphalt) mix-
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mixtures—confined condition.

tures. The Group 5 (wet-process plant-blended) mixtures exhibited
intermediate volume change between these two categories of
groups discussed. While their volume change magnitudes are
nowhere near those recorded for Group 3, they are 2 to 3 times the
magnitude of Group 1, 2, and 4; therefore, these mixtures should
also be considered suspect relative to the Superpave interpretation.

Figure 8 shows the relationship between dV, and rubber percent-
age (by binder weight) for all five mixtures within Group 3. Within
any given mix, the dV, is shown to greatly increase as the rubber
percentage is increased (i.e., binder content is decreased). Or, at a
given rubber percent (by total mix weight) the dV, (volume change)
is decreased with increasing asphalt content.

SUMMARY AND CONCLUSIONS

This study focused on the comparison of Asphalt Mix designs
between the 75-blow Marshall and Superpave gyratory Level 1
approach. A total of 20 different mixtures were evaluated and cate-
gorized into five major mix groups. Based on the results of this
study the following conclusions have been developed.

1. Of the five mix groups evaluated, it is the conclusion of the
authors that the Superpave gyratory Level I design cannot be used
to evaluate dry-process rubber asphalt mixtures. The reasons for this
are due to the high resilience of the rubber particles during the com-
paction process and the time dependent swelling, after compaction,
of these mixtures. This suggests, that problems with the Superpave

approach implementation may occur on any mixture possessing
these abnormal characteristics.

2. The design process for all other mixtures investigated, except
for the wet-process plant-blended mixes where slightly higher
swelling was observed, posed no similar type of problem and
demonstrated the potential advantages and benefits of the Super-
pave gyratory approach.

3. Relative to the comparison of design asphalt content differ-
ences between both mix design procedures, it was found that:

a. Within any specific mix type, the difference in asphalt con-
tents between approaches is independent of the target air
void level selected (V, = 3.0 to 5.0 percent) to develop the
design value.

b. As the Superpave climatic regions changes from warm to
co0l, an increase of approximately 1.0 percent more asphalt
will be required from the Level I approach. This finding
was found to be true for all mix types/groups studied.

c. Within a given Superpave climatic region, no consistent
trends in design asphalt contents, between the type of mix
design procedure used, were found between mixtures. In
general, design asphalt contents for the conventional and
wet process (manufacturer-preblended) asphalt rubber
mixes were equivalent between the Marshall and the warm
Superpave climatic region while the converse was true for
the wet process (plant blended) asphalt rubber mixes. For
identical traffic and climatic conditions, the Superpave
Level I designs for polymer modified mixtures were about
0.5 percent to 0.8 percent less than the Marshall analysis.
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Correlation of Superpave G*/sin § with
Rutting Susceptibility from Laboratory

Mixture Tests

KEevIN D. STUART AND RICHARD P. 1270

The objective of this study was to compare the Superpave G*/sin 8 of
five binders with the rutting parameters given by laboratory mixture
tests. Superpave uses the G*/sin 8 from the dynamic shear rheometer to
specify binders according to rutting susceptibility. The conventional
designations for the five binders are AC-5, AC-10, AC-20, Novophalt,
and Styrelf 1-D. All five binders were used in a surface mixture having
a nominal maximum aggregate size of 19.0 mm. The AC-5 and AC-20
binders were also used in a base mixture having a nominal maximum
aggregate size of 37.5 mm to determine whether the effects of binder
type on rutting susceptibility varies with maximum aggregate size. The
data showed that binders with higher G*/sin & produce mixtures less
susceptible to rutting. The Georgia loaded-wheel tester provided a very
good relationship between G*/sin & and rutting susceptibility. The
French pavement rutting tester and Hamburg wheel-tracking device
provided reasonably good relationships. The main discrepancy for these
latter two devices was that even though the Styrelf mixture had a very
low susceptibility to rutting, the data suggest that the rut depths are
slightly high compared with the G*/sin & of the binder. The data also
showed that increased maximum aggregate size did not significantly
reduce the effects of binder type on rutting susceptibility. The Marshall
stabilities and flows and the gyratory testing machine data did not dif-
ferentiate between the mixtures according to rutting susceptibility;
therefore, there were no relationships between these tests and G*/sin 8.

The FHWA is validating Superpave (Superior Performing Asphalt
Pavements) binder tests and specifications, Superpave mixture tests
and performance models, and other accelerated laboratory tests for
mixtures. Pavements were constructed at the Turner-Fairbank
Highway Research Center (TFHRC) in McLean, Virginia, to assist
in validating the tests for rutting and fatigue cracking. The pave-
ments are being tested by the Accelerated Loading Facility (ALF).

The pavement testing facility consists of 12 lanes with two nom-
inal maximum aggregate sizes and five binders. Each lane consists
of one full-depth mixture. The binders are AC-5, AC-10, AC-20,
Novophalt, and Styrelf 1-D. The mixtures consist of a surface
aggregate blend and a base aggregate blend. The surface mixtures
include all five binders. The base mixtures include only AC-5 and
AC-20. The purpose of including a base mixture is to determine
whether the effects of binder type on rutting vary with the maximum
aggregate size.

The five surface mixtures were designed to meet the 1991
Virginia Department of Transportation specification for SM-3B
mixtures, whereas the two base mixtures were designed to meet a

K. D. Stuart, Federal Highway Administration, Turner-Fairbank Highway
Research Center, 6300 Georgetown Pike, McLean, Va. 22101-2296. R. P.
Izzo, Civil and Environmental Engineering Départment, University of
Rhode Island, Kingston, RI. 02881. Current Address: Materials Division,
Texas Transportation Institute, Texas A&M University, College Station,
Tex. 77843.

modification of the specification for BM-3 mixtures. Uniform gra-
dations and binder contents were used in each type of mixture in
order to investigate the effects of binder properties on rutting and
fatigue cracking. The aggregates and binders used in the pavements
are stockpiled at TFHRC. These materials are used to produce lab-
oratory samples for testing.

Quality control and quality assurance (QC/QA) testing was con-
ducted by the paving contractor and FHWA to ensure that the spec-
ifications of the project were met. Samples of the five binders were
obtained during the mixture designs from the terminal immediately
before shipping, from the hot-mix plant after they arrived from the
terminal, and daily during construction. These samples were tested
to ensure that the properties of the binders did not change while they
were being used. Two samples of each plant-produced mixture per
lift were taken during construction. The aggregate gradations, per-
cent natural sand, percent binder, and maximum specific gravities
were determined. Specimens were also compacted for voids analy-
ses during construction. Nuclear density tests and 72 cores taken
after construction were used to determine the air void content. This
information was essential for duplicating the average properties of
the ALF pavements using the stockpiled materials. A separate
report documenting the QC/QA testing will be published.

The initial data from the research project are presented in this
paper. The Superpave binder specification uses the G*/sin & from
the dynamic shear rheometer (DSR) determined after subjecting a
binder to the rolling thin-film oven test (RTFOT) to specify a
binder according to rutting susceptibility. The first phase of the
research project is concerned with how well the G*/sin & parame-
ter agrees with rutting parameters given by laboratory mixture
tests. Besides the mixture tests presented in this paper, the Super-
pave shear tester and the NCHRP asphalt-aggregate mixture analy-
sis system (AAMAS) will also be evaluated (/). Eventually, the
results will be compared with ALF pavement performance. A cor-
relation between G*/sin & and rutting susceptibility will enable
asphalt paving technologists to classify binders according to per-
formance. This will lead to longer-lasting pavements and lower
maintenance costs.

OBJECTIVES

‘The primary objective of this study was to determine whether the

Superpave G*/sin & ranks binders the same as laboratory mixture
tests for rutting. Comparisons among the mixture tests were also
included. A second objective was to determine whether the effects
of binder type on rutting susceptibility vary with maximum aggre-
gate size.
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BINDERS

Five binders were used: AC-5, AC-10, AC-20, Novophalt, and
Styrelf 1-D. The AC-5, AC-10, and AC-20 were from Venezuela’s
Lagoven base stock. Koch Materials Company, Pennsauken, New
Jersey, supplied these asphalts. The Novophalt binder was formu-
lated by blending the Lagoven AC-10 asphalt with 5 percent low-
density polyethylene by mass. A high shear mill was used for blend-
ing by Advanced Asphalt Technologies, Sterling, Virginia, at the
paving contractor’s hot-mix plant in Leesburg, Virginia. The Styrelf
1-D binder was formulated by reacting the Lagoven AC-20 asphalt
with 4 percent styrene-butadiene by volume. Styrelf is a product of
the Koch Materials Company and is shipped in bulk form. The tra-
ditional physical properties of the binders and the Superpave per-
formance grades are given in Table 1.

Samples of the five binders were exposed to the RTFOT and
tested by the DSR to determine G*/sin &. The DSR is used to eval-
uate the viscous and elastic behavior of asphalt binders by measur-
ing the complex shear modulus (G*) and phase angle (8). These val-
ues are highly dependent on the temperature and frequency of
loading (2). G*/sin 8 was measured at temperatures of 10, 20, 30,
40, 50, 60, and 70°C and frequencies ranging from 0.1 to 10.0
rad/sec, This allowed a direct correlation of the G*/sin 8 with the
results of the mixture tests, which are performed at different tem-
peratures and frequencies. The DSR frequencies corresponding to
the mixture tests were based on 80 km/hr being equivalent to 10
rad/sec as established by the Strategic Highway Research Program
(SHRP). The speeds of the mixture tests were divided by 8 to obtain
the DSR frequency in rads per second. Table 2 provides all values
of G*/sin 8. Higher amounts of rutting were expected from the mix-
tures that used binders with lower values of G*/sin 3. )

As expected, G*/sin 8 decreased with an increase in temperature
and a decrease in frequency. The binders were ranked from lowest

TABLE 1 Physical Properties of Binders

Novo- :
AC-5 AC-10 AC-20 phait Styrelf

Original Binger

Penetration. 25°C. 0.1 mm 172 113 73 55 47
Absolute Viscosity. 60°C, dPa-s 665 1 195 2644 12714 58774
Kinematic Viscosity. 135°C, mm'/s 256 322 476 2 184 2 484

Specific Gravity, 25/25°C 1.007 1,024 1,022 1.022 1.020
Solubility in Trichloroethylene, ¥ 100.00 100.00 100.00 95.92 100.00
Flash Point, COC,°C 304 304 304 312

Thin Film Oven Residue

Weight Loss, % 0.01 0.33 0.13 0.34 0.12
Penetration, 25°C. 0.1 mm 102 66 47 40 35
Absolute Viscosity, 60°C, dPa-s 1 758 3 223 7 173 29 844 208 185
Kinematic Viscosity, 135°C. mm‘ss 372 509 684 3 686 4197
SUPERPAVE™ Performance Grade 58-34 58-28 64-22 76-22 82-22

Original Binder

Temperature at a G*/sind
of 1.00 kPa and 10 rad/s, °C 59.4 61.9 67.9 83.4 37.2

Rolling Thin Film Oven Residue

Temperature at a G*/sind
of 2.20 kPa and 10 rad/s. °C 59.3 65.0 70.2 79.3 88.0

Rolling Thin Film Oven/Pressure Aging Vessel Residue
Temperature at a G*sind .
of 5 000 kPa and 10 rad/s, °C 9.1 14.5 17.3 26.0 24.8

Temperature at a Creeg Stiffress (S)
of 300 MPa and 60 s, °C

Temperature at an m-value
of 0.30 and 60 s. °C -25.3 -20.3 -17.1 -13.4 -17.4
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TABLE 2 Determination of G*/sind in Pascals at Different
Temperatures and Frequencies

Temp.

°C) AC-5 AC-10 AC-20 Novophalt Styrelf
G*/sind at w=10.0 rad/s, Standard frequency for the DSR:

10 5 172 000 11 990 000 17 880 000 33 050 000 22 340 000
20 862 000 2 001 000 3 074 000 7 587 000 5 055 000
30 173 100 386 600 666 300 1 478 000 1 036 000
40 38 640 82 800 159 900 379 300 268 100
50 7 528 15 880 30 660 94 330 74 590
60 2 096 4 202 7 897 27 200 28 120
70 653 1238 2 226 8 381 11 260
G*/sind at w=2.25 rad/s. Frequency for the ALF Machine:

10 2 240 000 5 364 000 6 335 000 16 860 000 10 970 000
20 351 800 833 500 1 383 000 3 387 000 2 270 000
30 62 220 143 900 267 700 626 300 460 200
40 11 910 26 350 54 470 151 000 116 300
50 2 057 4 446 9 002 32 550 31 140
60 526 1 084 2 100 8 393 11 390
70 155 299 549 2 376 4 378

G*/sind at w=0.875 rad/s. Frequency for the French Pavement Rutting Tester:

10 1 276 000 3 111 000 4 954 000 10 630 000 6 822 000
20 182 100 461 000 796 200 1967 000 1 345 000
30 30 900 73 360 141 800 348 700 270 500
40 5 382 12 210 26 240 81 020 67 480
50 856 1926 3911 15 790 17 790
60 212 442 871 3789 6 338
70 61 118 219 1022 2 357

G*/siné at w=0.125 rad/s, frequency for the Georgia Loaded Wheel Tester,
German Hamburg Wheel Tracking Device, and Gyratory Testing Machine:

10 346 000 873 800 1 437 000 3 629 000 2 332 000
20 50 080 118 500 216 500 567 400 421 200
30 6 358 16 100 33 210 94 120 84 440
40 899 2 215 5 060 21 000 20 600
50 130 348 635 3128 5232
60 28 60 124 661 1750
70 8 16 29 167 589

to highest G*/sin d using statistical analyses. These rankings varied
with the temperature and frequency. The rankings applicable to this
study are given in the Results and Discussion section.

AGGREGATES

All five binders were used in a surface mixture; the AC-5 and AC-
20 binders were also used in a base mixture. The surface mixtures
consisted of No. 68 diabase, No. 10 diabase, and natural sand. The
base mixtures consisted of No. 357 diabase, No. 8 diabase, No. 10
diabase, and natural sand. The diabase aggregates used in the sur-
face mixtures were supplied by Virginia Trap Rock, Leesburg, Vir-
ginia. The diabase aggregates used in the base mixtures were sup-
plied by Luck Stone Corporation, Leesburg, Virginia. To eliminate
moisture damage, 1 percent hydrated lime was added to both mix-
tures. The natural sand was supplied by Solite Corporation,
Fredricksburg, Virginia. The hydrated lime was supplied by Chem-
ston, Strasburg, Virginia.

The aggregates used in the laboratory mixtures were blended to
meet the average gradations of the plant-produced mixtures. The
gradations are shown in Tables 3 and 4. The target gradations are
the gradations of the plant-produced mixtures. The nominal maxi-
mum aggregate sizes for the surface and base mixtures are 19.0 and
37.5 mm. )

MIXTURE TESTING PROGRAM

The following mixture properties were determined:

e Marshall mixture properties at 60°C.
¢ French pavement rutting tester at 60°C, including the per-
cent rut depth at 300, 1,000, 3,000, 10,000, and 30,000 cycles;
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TABLE 3 Aggregate Properties for the SM-3B Surface Mixtures

Aggregate Gradations, Percent Passing:

Sieve 61% 30% 8% 1%
Size No. 68 No. 10 Natural Hydrated
(mn) Diabase Diabase Sand Lime Target Blend
25.0 100.0 100.0 100.0
19.0 97.9 98.7 9.7
12.5 60.7 76.0 76.0
9.5 37.7 100.0 100.0 62.0 62.0
4.75 9.2 99.2 95.8 44,0 44 .0
2.36 2.2 75.6 88.2 32.5 32.1
1.18 1.7 52.5 74.8 23.5 23.8
0.600 1.4 37.8 46.0 17.5 16.9
0.300 1.3 27.9 14.1 11.5 11.3
0.150 1.1 19.6 4.8 8.0 7.9
0.075 0.9 12.5 2.9 100.0 5.1 5.5
The diabase aggregates were from Virginia Trap Rock.
Specific Gravities and Percent Absorption:
Bulk Dry 2.943 2.914 2.565 2.892
Bulk SSD 2.962 2.945 2.601 2.916
Apparent 2.999 3.007 2.659 2.262 2.961
% Abs 0.6 1.1 1.4 0.8

Bulk Dry = Bulk-Dry Specific Gravity.
Bulk SSD = Bulk-Saturated-Surface-Dry Specific Gravity.
Apparent = Apparent Specific Gravity.

% Abs = Percent Water Absorption.

and the slope of the relationship between log rut depth and log
cycles.

e Georgia loaded-wheel tester (GLWT) at 40.6°C, including the
rut depth at 8,000 cycles.

e Hamburg wheel-tracking device to 20,000 passes at 50°C,
including the creep slope.

e U.S. Corps of Engineers gyratory testing machine (GTM) at
60°C, including the maximum static shear strength (Sg), gyratory
stability index (GSI), gyratory elastoplastic index (GEPI), and the
refusal air void level.

The target air void level for the specimens was 8 *
except for the Marshall specimens. The surface mixtures had a
binder content of 4.85 percent by mixture mass. The base mixtures
had a binder content of 4.0 percent. These levels duplicated the
average air void level and binder contents of the pavements.

The data were analyzed by comparing rankings of the average
test values, comparing rankings given by Fisher’s least significant

TABLE 4 Aggregate Properties for BM-3 Base Mixtures

Aggregate Gradations, Percenl Passing:

Sieve 41% 15% 38% 5% 1%

Size No. 357 No. 8 No. 10 Natural  Hydrated

(mm) Diabase Diabase Diabase Sand Lime  Target Blend
37.5 100.0 100.0 100.0
25.0 64.9 85.6 85.6
19.0 36.3 73.9 73.9
12.5 14.9 100.0 65.1 65.1
9.5 5.5 5.0 100.0 100.0 59.0 - 59.0
4.75 3.0 25.3 96. 95.8 47.6 47.6
2.36 1.8 2.7 68.0 88.2 32.5 32.4
1.18 1.6 2.0 47.5 74.8 24.0 23.7
0.600 1.4 1.5 34.3 46.0 17.4 17.1
0.300 1.2 1.2 24.9 14.1 12.3 11.8
0.150 1.1 0.9 17.3 4.8 8.0 8.4
0.075 0.8 0:8 1.5 2.9 100.0 5.7 6.0

The diabase aggregates were from Luck Stone Corporation.

Specific Gravities and Percent Absorption:

Bulk Dry 2.971 2.956 2.894 2.565 2.907

Bulk SSD  2.984 2.981 2.935 2.601 2.934

Apparent  3.013 3.030 3.017 2.659 2.262 2.987

% Abs 0.5 0.8 1.4 1.4 0.9

Bulk Dry = Bulk-Dry Specific Gravity.

Bulk SSD = Bulk-Saturated-Surface-Dry Specific Gravity.

Apparent = Apparent Specific Gravity.

% Abs = Percent Water Absorption.

1 percent,
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difference (LSD) statistical procedure, and by performing
regressions. Fisher’'s LSD determines which averages are not
significantly different from other averages. Groups of averages
that are not significantly different are formed. These groups are
ranked from highest to lowest. Fisher’s LSD is performed in con-
junction with an analysis of variance at a 95 percent confidence
level.

AGING STUDY

Superpave recommends that loose mixtures be oven-aged for 4 hr
at 135°C before compaction (3). This process is termed short-term
oven aging (STOA). The SHRP final report states that STOA pro-
duces the average amount of aging at 6 months to 2 years of service
life. In order to better simulate the degree of aging that occurred
during plant production of the ALF mixtures, an aging study was
performed.

The study consisted of aging laboratory mixtures for various peri-
ods of time, extracting and recovering the binders from these mix-
tures and from ALF pavement cores, and performing three Super-
pave binder tests on the recovered binders. The laboratory aging
periods were 0, 1, 2, and 4 hr. Three replicate samples were pre-
pared for each aging period. The mixtures consisted of the surface
mixture with AC-5, the base mixture with AC-5, and the surface
mixture with AC-20. Cores were taken from four ALF pavements
constructed with these mixtures, including two pavements with the
AC-20 as a check on pavement-to-pavement variability. The recov-
ered binders were tested by the DSR at 10, 30, 50, and 70°C; by the
bending beam rheometer (BBR) at —24°C; and by the Brookfield
viscometer at 135°C. Three binder tests were performed to fully
examine the capability of simulating hot-mix plant aging using a
forced draft oven, even though the pavements were only to be tested
in the range of 10 to 60°C. All three tests should provide the same
aging period if oven aging duplicates plant aging and provides the
same binder chemistry. The testing program was also developed to
show which of the Superpave binder parameters are most sensitive
to aging.

The recovered binder properties from the aged laboratory mix-
tures were plotted with respect to the aging period. A regression was
performed to generate a second-order polynomial equation. The
aging periods required to duplicate the properties of the binders in
the ALF pavements were computed for each binder and test. The
differences among the data for the two AC-20 pavements were not
significant; thus, averaged data were evaluated.

The results are given in Table 5. The DSR provided aging
periods up to 2.5 hr and an average of 1.3 hr. The BBR stiffnesses
provided no definitive conclusions. The BBR slopes provided
aging periods greater than or equal to 3 hr, but the data varied very
little with the aging period. The Brookfield viscosities indicated
that 2.3 hr was needed for the AC-20 mixture. However, the AC-5
binders recovered from the laboratory mixtures were stiffer than
the AC-5 binders recovered from the cores, even at an aging period
of 0 hr.

Overall, the required oven-aging period depended on the mix-
ture type and the binder test performed. A previous study found
that the absolute viscosity at 60°C and penetration at 25°C can
also give different oven-aging periods for a given mixture (/)..
This indicates that oven aging may not effectively simulate hot-
mix plant aging. An aging period of 2 hr was used as a com-
promise.
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TABLE S STOA Data

Req'd Req'd
Binder/s Laboratory Aging Period (h) Pavement  Lab
Mixture Core Aging
iype 0 1 2 4 Property (h)

Averagé G* (Pa) at w=10 rad/s Determined by the Dynamic Shear Rheometer:
AC-5 Surface

at 10°C 2974 000 2 682 000 4 192 000 4 422 000 3181 000 1.3
at 30°C 118 500 110 300 181 500 221 800 125800 1.2
at 50°C 7 062 6 798 10 930 14 760 7319 1.1
at 70°C 630 627 916 1 301 626 1.0
AC-5 Base

at 10°C 2990 000 4295000 5546 000 5516 000 3453 000 0.3
at 30°C 97 360 152 900 211 900 246 100 144 600 0.7
at 50°C 5 234 8 462 12 120 15 150 B 53 0.9
at 70°C 464 726 1038 1 284 709 0.8
AC-20 Surface

at 10°C 8 359 000 '8 922 000 10 730 000 11 580 000 9 827 000 1.4
at 30°C 302 800 372 900 423 600 585 300 455 800 2.4
at 50°C 15 690 20 810 22 750 35 240 26210 2.5
at 70°C 1160 1 549 1 650 2 526 188 2.4
Average Creep Stiffness. S, (MPa) at 60 s and

-24°C Determined by the Bending Beam Rheometer:

AC-5 Surface 92 98 124 110 139 ND
AC-5 Base 139 183 218 206 165 0.6
AC-20 Surface 284 286 312 353 333 2.5
Average Slope, m, of Log Creep Stiffness vs. Log Time at

60 s and -24°C Determined by the Bending Beam Rheometer:

AC-5 Surface 0.40 0.40 0.38 0.36 0.36 4.0
AC-5 Base 0.38 0.37 0.36 0.34 0.35 3.0
AC-20 Surface 0.33 0.31 0.31 0.29 0.30 3.0
Average Absolute Viscosity (Pa-s) at 135°C

Determined by the Brookfield Viscometer:

AC-5 Surface 0.36 0.33 0.41 0.44 0.29 <0
AC-5 Base 0.34 0.49 0.65 0.64 0.31 <0
AC-20 Surface 0.45 0.51 0.52 0.63 0.55 2.3

ND = No data. A laboratory aging period could not be predicted from the data.

MIXTURE TEST DESCRIPTIONS
Marshall Mixture Properties

Marshall mixture properties were determined to verify whether the
mixtures fabricated from the stockpiled materials were equivalent
to the plant-produced mixtures and to evaluate the relationship
between G*/sin 8 and Marshall stability and flow.

Surface mixtures were compacted by the 75-blow Marshall
method (4). Base mixtures were compacted using 112 blows (5).
These blows are used to compact mixtures subjected to heavy traf-
fic levels. The diameter and height of the surface mixture specimens
were 101.6 and 63.5 mm. The base mixture specimens were 152.4
by 95.3 mm.

French Pavement Rutting Tester

The French (Laboratoire Central des Ponts et Chaussées) pavement
rutting tester evaluates a slab for permanent deformation at 60°C
(6). Each slab is 500 mm long, 180 mm wide, and 100 mm thick.
The French plate compactor was used to compact the slabs; this
machine employs a reciprocating, pneumatic rubber tire. The AC-
5, AC-10, AC-20, Novophalt, and Styrelf surface mixtures had
average air void levels of 8.4, 7.1, 7.3, 8.1, and 8.4 percent, respec-
tively. The two base mixtures were not tested because the test
method is not valid for mixtures with nominal maximum aggregate
sizes greater than 20 mm.

The French pavement rutting tester tests two slabs simultane-
ously using two reciprocating pneumatic rubber tires that have a
diameter of 415 mm and a width of 109 mm. They are inflated to
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600 * 30 kPa. The tires are always at a fixed elevation. Hydraulic
jacks underneath the slabs push them upward to provide the load of
5,000 = 50 N. Approximately 67 cycles are applied per minute.
One cycle is defined as two passes of the tire. Slabs are tested in
their molds.

Initially, 1,000 cycles are applied at 25°C to densify the mixture
and to provide a smoother surface. The height of each slab is then
calculated by averaging measurements taken at 15 positions using
a depth gauge with an accuracy of 0.1 mm. This average height is
considered the initial height, or point of zero rut depth. The slabs
are then heated to 60°C for 12 hr. The test is started and the rut depth
in each slab is measured at 300, 1,000, 3,000, 10,000, and 30,000
cycles. A mixture is acceptable if the average rut depth at 30,000
cycles is less than or equal to 10 mm. Slopes for different mixtures
taken from log rut depth versus log cycle plots can also be com-
pared. Rut-susceptible mixtures generally have higher slopes.

GLWT

The GLWT tests a beam for permanent deformation at 40.6°C (6).
Each beam was 320 mm long, 120 mm wide, and 80 mm thick.
Replicate beams were fabricated by compacting a slab and sawing
it in half. The slabs had a length of 320 mm, a width of 260 mm, and
a thickness of 80 mm. Each slab was compacted in two lifts using a
vibratory hammer. A steel wheel roller was then used until the sur-
face of the specimen was flat. The AC-5, AC-10, AC-20,
Novophalt, and Styrelf surface mixtures had average air void levels
of 7.0, 7.5, 7.1, 7.2, and 7.3 percent, respectively. The AC-5 and
AC-20 base mixtures had average air void levels of 7.0 and 7.7 per-
cent. Air void levels closer to the 8 percent target level were not
obtainable. Attempts to increase the air void levels led to increased
porosity around the edges and sides of the slabs.

The sides of the beam are confined by steel plates during testing
except for the top 12.7 mm. A stiff rubber hose pressurized at 690
kPa with air is positioned across the top of the beam, and a loaded
steel wheel runs back and forth on top of this hose for 8,000 cycles
to create a rut. One cycle is defined as two passes of the wheel.

The load on the beam changes with the direction of travel. When
the wheel is moving from right to left (viewed from the front of the
machine), the load is approximately 740 N at the center of the beam,
whereas the load is 630 N when the wheel is moving from left to
right. Across the central region of the beam where the deformations
are recorded, each of these loads has a variation of less than 5 per-
cent. The load varies because the two arms that connect the wheel
to the motor undergo a circular action at the motor. This “locomo-
tion effect” shifts the distribution of the load during the test.

Deformations are measured at the center of the beam 51 mm left
of center and 51 mm right of center. If the average rut depth exceeds
7.6 mm, the mixture is considered susceptible to rutting by the
Georgia Department of Transportation.

Hamburg Wheel-Tracking Device

The Hamburg wheel-tracking device measures the combined effects
of rutting and moisture damage by rolling a steel wheel across the
surface of a slab that is submerged in water at 50°C (6). Slabs hav-
ing a length of 320 mm, a width of 260 mm, and a thickness of 80
mm were tested. The slabs were compacted by the same -method
used to compact the slabs for the GLWT. The AC-5, AC-10, AC-
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20, Novophalt, and Styrelf surface mixtures had average air void
levels of 7.3, 6.9, 7.1, 7.4, and 7.4 percent, respectively. The AC-5
and AC-20 base mixtures had average air void levels of 6.3 and 7.0

percent. Air void levels closer to the 8 percent target level were not

obtainable.

The device tests two slabs simultaneously using two reciprocat-
ing solid steel wheels that have a diameter of 203.5 mm and a width
of 47.0 mm. The load is 710 N. Each wheel rolls 230 mm before
reversing in direction, and the device operates at 53 = 2 passes/min.
The standard maximum number of passes is 20,000. The data from
this device are customarily reported versus passes rather than ver-
sus cycles; a cycle is two passes.

A maximum allowable rut depth of 4 mm at 20,000 passes is used
in Hamburg, Germany. The Colorado Department of Transporta-
tion (CDOT) recommends a maximum allowable rut depth of 10
mm at 20,000 passes (7). The rut depth in each slab is measured
automatically and continuously by a linear variable differential
transformer that has an accuracy of 0.01 mm.

The data analysis from the Hamburg wheel-tracking device
includes the postcompaction consolidation, creep and stripping
slopes, and stripping inflection point (8). The postcompaction con-
solidation, or the deformation at 1,000 passes, is so called because
the steel wheel is compacting the mix early in the test. The creep
slope relates to rutting primarily from plastic flow. It is the number
of passes required to create a 1-mm rut depth. The stripping inflec-
tion point is the number of passes at the intersection of the creep
slope and the stripping slope. It is the number of passes at which
stripping starts to dominate performance. The stripping slope is a
measure of the accumulation of rutting primarily due to moisture
damage. It is the number of passes required to create a 1-mm rut
depth after the stripping inflection point.

In this study, the creep slopes were used to compare the mixtures
in terms of rutting. Higher creep slopes (passes per 1-mm rut depth)
indicate less rutting. The postcompaction consolidations were also
determined for informational purposes.

U.S. Corps of Engineers GTM

Shear susceptibility was measured using the static shear strength
(Sg), gyratory stability index (GSI), gyratory elastoplastic index
(GEPI), and refusal air void levels provided by the GTM, Model
8A-6B-4C. The GTM is a combination compaction and plane strain
shear testing machine that applies stresses simulating pavement
conditions.

‘The GTM was operated in accordance with NCHRP AAMAS
with one modification. The NCHRP AAMAS procedure is based on
ASTM D 3387 (1). The diameter and height of each specimen were
152.4 mm. A vertical pressure of 0.83 MPa, a 0.012-rad gyratory
angle, and the GTM oil-filled roller were used. NCHRP AAMAS
specifies a 0.035-rad gyratory angle; however, 0.012-rad angle was
used because FHWA studies of previous pavements tested by the
ALF indicated that this angle provided closer agreement between
the GTM refusal densities and ultimate pavement densities. The
0.035-rad angle was found to be too high.

The GSI is the ratio of the maximum angle that occurs at the end
of the test to the minimum intermediate angle. It is a measure of shear
susceptibility at the refusal density. The minimum intermediate
angle is the smallest angle that occurs after the compaction process
has started. The GSI at 300 revolutions is close to 1.0 for a stable
mixture and is significantly above 1.1 for an unstable mixture (9).
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When designing a mixture, the manufacturer states that the optimum
binder content should be less than the binder content at the point at
which the GSI begins to exceed 1.0. The GSI and the Sg are the prin-
cipal GTM parameters used to evaluate rutting susceptibility.

The GEPI is the ratio of the minimum intermediate angle to the
initial machine angle set by the operator. A GEPI of 1.0 indicates
high internal friction. A GEPI significantly above 1.0 indicates
lower internal friction, generally resulting from the use of rounded
aggregates or from moisture damage. The manufacturer suggests
using an acceptable range of 1.0 to 1.5. -

The mixtures were first compacted to an 8 * 1 percent air void
level at 135°C. They were cooled to 60°C in an oven for 3 hr and
then compacted and tested to their refusal densities. A trace of the
gyratory angle versus number of revolutions was obtained to deter-
mine the maximum and minimum intermediate angles.

RESULTS AND DISCUSSION

Mixture Design

. The Marshall data are given in Table 6 along with the gradations

collected during construction, these data indicated that the plant-
produced mixtures and the laboratory mixtures were essentially the
same. For example, the air voids ranged from 2.5 to 4.1 percent for
the plant-produced mixtures and from 2.9 to 4.3 percent for the lab-
oratory mixtures.

The Marshall data were compared with the G*/sin & at 60°C and
a frequency of 0.125 rad/sec. The frequency of the Marshall test is
approximately 0.00038 rad/sec, but 0.1 rad/sec was the lowest fre-
quency used in the DSR test, and extrapolation could produce sig-
nificant error. In order to combine the data from the surface mix-
tures with the data from the base mixtures, the stabilities of the base
mixtures were reduced by a factor of 2.25 and the flows by a factor
of 1.5. These factors theoretically account for the difference in the
specimen size.

TABLE 6 Marshall Mixture Properties

Optimum
| Binder Flow, Air

Mixture Binder Content Stability (0.25- Voids VMA VFA
Type Type (%) MSG (N} m % %)
Properties of Plant-Produced Mixtures:

Surface AC-5 4.80 2.683 12 422 15.0 2.8 141 80.2
Surface AC-10 4.60 2.691 13 046 15.8 2.7 13.8 80.4
Surface AC-20 4.90 2.688 15 248 16.5 2.5 13.8 81.7
Surface Novophalt 4.70 2.686 16 573 20.8 4.1 151 72.8
Surface Styrelf 4.90 2.684 19 794 16.4 3.4 14.7 769
Ease AC-5 4.00 2.746 13 678 13.5 2.5 11.6 784
Base AC-20 4.10 2.755 16 442 13.3 3.4 122 72.1
Properties of Laboratory-Prepared Mixtures:

Surface AC 5 4.85 2.699 11 565 14.5 3.0 13.9 78.4
Surface AC-10 4.85 2.707 12 047 14.6 3.6 141 745
Surface AC-20 4.85 2.706 11 232 17.6 2.9 135 785
Surface Novophalt 4.85 2.699 16 125 16.8 4.2 149 " 71.8
Surface Styrelf 4.85 2.701 18 536 22.8 40 147 728
Base AC-5 4.00 2.750 13 295 12.8 43 13.1 67.2
Base AC 20 4.00 2.750 14 168 12.4 4.2 13.0 67.7

Note: The stabilities of the base mixtures have been divided by 2.25,
and the flows by 1.5, to account for the differences in specimen size.

Compaction lemperatures: Marshall Design Blows Per Side:
AC-5 = 121°C
AC-10 = 127°C
AC-20 = 135°C
Novophalt = 141°C
Styrelf = 141°C

MSG = Maximum Specific Gravity of the Mixture.
VMA = Voids in the Mineral Aggregate.
VFA = voids Filled with Asphalt.

Surface = 75
Base = 112
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The ranking of the average G*/sin 8 at 60°C and 0.125 rad/sec
from lowest to highest was AC-5, AC-10, AC-20, Novophalt, and
Styrelf. The ranking of average stabilities from lowest to highest for
the plant-produced surface mixtures was AC-5, AC-10, AC-20,
Novophalt, and Styrelf. These two rankings matched each other.
The ranking using the laboratory surface mixtures was AC-20, AC-
5, AC-10, Novophalt, and Styrelf. This ranking did not match the
G*/sin & as well as the ranking provided by the plant-produced sur-
face mixtures.

Fisher’s LSD did not provide rankings that clearly separated the
stabilities of either the plant-produced or laboratory surface
mixtures. Rankings that clearly separated the stabilities after
combing the surface mixtures with the base mixtures were not
provided either. The differences among the average stabilities of
the mixtures were small compared with the variabilities of the
replicate measurements. The effect of aggregate size was also not
discernable.

In summary, the analyses based on a comparison of averages
indicated a trend of increasing stability with increasing G*/sin 3, but
the statistical analyses indicated that stability cannot be used to pre-
dict rutting performance. There were no significant differences
between most of the stabilities. Furthermore, the stabilities of all
mixtures were above the minimum stability of 8006 N required for
heavy traffic levels.

Rankings that clearly separated the flows did not exist. The dif-
ferences among the average Marshall flows of the mixtures were
very small compared with the variabilities of the replicate mea-
surements.

French Pavement Rutting Tester

The French pavement rutting tester data are given in Table 7. The
AC-5 and AC-10 surface mixtures exceeded the 10-mm maximum
allowable rut depth at 30,000 cycles; the other three mixtures met
the criterion.

The ranking of the average G*/sin & at 60°C and a frequency of
0.875 rad/sec from lowest to highest was AC-5, AC-10, AC-20,
Novophalt, and Styrelf. The ranking of the average percent rut
depths from highest to lowest was AC-5, AC-10, AC-20, Styrelf,
and Novophalt. These two rankings provided reversals for the
Styrelf and Novophalt binders. The slopes provided the same rank-
ing as the percent rut depths.

Fisher’s LSD divided the G*/sin & into four groups: (a) AC-5 and
AC-10, (b) AC-20, (c) Novophalt, and (d) Styrelf. The rut depths
divided into three groups: (a) AC-5 and AC-10, (b) AC-20 and
Styrelf, and (c) Styrelf and Novophalt. The slopes produced the
same three groups. The analyses suggest that the G*/sin & for Styrelf
is high compared with its percent rut depth and slope.

Regressions. between the G*/sin 8 and the percent rut depths,
slopes, and inverse slopes provided poor r2 values of 0.62, 0.57, and
0.62, respectively. The inverse slopes were evaluated because the
slopes from the Hamburg wheel-tracking device are inverse slopes.

. Georgia Loaded-Wheel Tester

The GLWT data are given in Table 7. All of the mixtures met the
7.60-mm maximum allowable rut depth at 8,000 cycles.

The ranking of the average G*/sin & at 40°C and a frequency of
0.125 rad/sec from lowest to highest was AC-5, AC-10, AC-20,
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TABLE 7 Rutting Performance Based on Accelerated
Laboratory Testing

Surface Mixture Base Mixture

AC-5 AC-10 AC-20 Novophalt Styrelf AC-5  AC-20

French Pavement Rutting Tester at 60°C and 0.875 rad/s:
Cvcles: Percent Rut Depths:

300 2.97 2.98 2.59 1.44 1.84 NA NA
1,000 3.79 3.99 3.21 1.67 2.22
3.000 4.93 5.33 4.09 2.17 2.95
10,000 8.23 9.23 4.90 2.38 3.25
30.000 15.50 13.77 6.38 2.60 3.74
Slope 0.35 0.34 0.19 0.14 0.16
G*/sind, Pa 212 442 871 3 789 6 338

Georgia loaded-Wheel Tester at 40°C. 0.125 rad/s. and 8.000 cycles:

Rut Depth, mm 7.38 5.38 3.72 1.42 1.87 6.29 3.46
G*/sind. Pa 899 2215 5060 21 000 20 600 899 5 060
Hamburg Wheel-Tracking Device at 50°C and 0.125 rad/s:

Post CC, mm ND 3.70 3.36 0.87 1.45 4.26 2.03
Rut Depth. mm >30 >30 8.5 1.9 2.8 >30 8.6
Creep Slope 296 634 6224 24 594 17 947 468 3 781
G*/sind, Pa 130 348 635 3128 5232 130 635

Post CC is the post compaction consolidation.
Rut Depths are at 20,000 passes.
Creep Slope is passes per 1-mm rut depth.

. Gyratory Testing Machine at 60°C and 0.125 rad/s:

Sg. kPa 370 430 370 370 370 400 410

GSI 1.10 1.14 1.16 0.97 1.10 1.09 0.98

GEPI 1.14 1.18 1.02 0.84 1.10 1.07 0.83

Refusal Air- 2.13 2.03 3.30 5.91 5.97 420 5.46
void Level, %

G*/sind, Pa 28 60 124 661 1 750 28 124

NA = Test is not applicable for mixtures with agaregate greater than 20 mm.
ND = No data because the mixture failed too rapidly.

Styrelf, and Novophalt. The ranking of the average rut depths for
the surface mixtures from highest to lowest was AC-5, AC-10, AC-
20, Styrelf, and Novophalt. These two rankings are identical. The
rut depths for the two base mixtures agreed with their correspond-
ing G*/sin 8.

Fisher’s LSD divided the G*/sin & into four groups: (a) AC-5, (b)
AC-10, (¢) AC-20, and (d) Styrelf and Novophalt. The rut depths
divided into four groups: (a) AC-5 surface and AC-5 base, (b) AC-
10 surface and AC-5 base, (¢) AC-20 surface and AC-20 base, and
(d) Styrelf and Novophalt. These two rankings are identical using
the surface mixture data. The only discrepancy between the two
rankings was that the AC-5 base mixture ranked with both the
AC-5 and AC-10 surface mixtures according to the rut depths.
However, the true effect of maximum aggregate size based on pave-
ment performance is not known; therefore, there may or may not be
a real discrepancy.

Regressions between the G*/sin 8 and the rut depths provided a
good r? value of 0.84 for the surface mixtures, and a fair 7? value of
0.79 for the surface and base mixtures combined. However, these r?
values may be artificially high because of the large gap between the
G*/sin 3 of the unmodified and modified binders. The regressions
and Fisher’s LSD both indicated that aggregate size had little effect
on rutting performance.

Hamburg Wheel-Tracking Device
The Hamburg wheel-tracking device data are given in Table 7. The

AC-5, AC-10, and AC-20 surface mixtures and the AC-5 and AC-
20 base mixtures exceeded the maximum allowable rut depth of 4
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mm at 20,000 passes used in Hamburg, Germany. The AC-5 and
AC-10 surface mixtures and the AC-5 base mixture exceeded the
maximum allowable rut depth of 10 mm at 20,000 passes used by
CDOT. No moisture damage was observed in any of the slabs;
therefore, the G*/sin § could be directly compared with the creep
slopes. The G*/sin & could not be compared with the rut depths at
20,000 passes because of the limitation that the device cannot mea-
sure rut depths deeper than 30 mm.

The ranking of the average G*/sin & at 50°C and a frequency of
0.125 rad/sec from lowest to highest was AC-5, AC-10, AC-20,
Novophalt, and Styrelf. The ranking of the average creep slopes for
the surface mixtures from lowest to highest was AC-5, AC-10, AC-
20, Styrelf, and Novophalt. These two rankings provided reversals
for the Styrelf and Novophalt binders. The creep slopes for the two
base mixtures agreed with their corresponding G*/sin 3.

Fisher’s LSD divided the G*/sin 3 into three groups: (a) AC-5,
AC-10, and AC-20, (b) Novophalt, and (c) Styrelf. The creep slopes
divided into three groups: (a) AC-5 surface and base, AC-10 sur-
face, and AC-20 surface and base; (b) AC-20 surface and Styrelf;
and (¢) Styrelf and Novophalt. The analysis suggests that the G*/sin
8 for Styrelf is high compared with its creep slope.

Regressions between the G*/sin & and the creep slopes provided
a fair r2 value of 0.70 for the surface mixtures and a fair r* value of
0.74 for the surface and base mixtures combined. However, these r?
values may be artificially high because of the large gap between the
data of the unmodified and modified binders. Regressions between
the G*/sin & and the slopes in terms of rut depth per pass were very
poor. Aggregate size had little effect on rutting performance.

Fisher’s LSD did not provide rankings that clearly separated the
postcompaction consolidations of the mixtures. The AC-5 surface
mixture failed rapidly; therefore, a postcompaction consolidation
could not be determined.

Gyratory Testing Machine

The GTM data are given in Table 7. Relationships between G*/sin
8 and Sg, GSI, and the GEPI were not found. There was very little
variation in each parameter from mixture to mixture. The refusal air
voids had the highest amount of variation. Regressions between
G*/sin 8 and the refusal air voids provided a fair r* value of 0.70 for
the surface mixtures and a poor r? value of 0.42 for the surface and
base mixtures combined.

Regressions Between the Wheel-Tracking Machines

A regression between the rut depths from the GLWT and the French
pavement rutting tester for the five surface mixtures provided a very
good r? value of 0.95. Regressions between the creep slopes from
the Hamburg wheel-tracking device and the rut depths from the
GLWT and French pavement rutting tester for the five surface mix-
tures provided good r? values of 0.85 and 0.83. Regressions
between the Hamburg wheel-tracking device and the GLWT for the
surface and base mixtures combined provided a fair r? value of 0.78.

CONCLUSIONS

1. An oven-aging period of 2 hr was needed to simulate the aver-
age degree of aging that occurred during plant production of the
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ALF mixtures. However, the data indicated that oven aging may not
effectively simulate hot-mix plant aging.

2. As expected, the G*/sin & of the binders increased as fre-
quency increased or temperature decreased.

3. The study incorporated five binders, and it was assumed that
this would provide five levels of G*/sin 8, but the statistical analy-
ses indicated that some binders had G*/sin § that were not statisti-
cally different from others. This reduced the experiment to three or
four groups of binders. How binders statistically group together can
vary with temperature and frequency.

4. The Marshall stabilities and flows and the GTM parameters
did not differentiate the mixtures according to rutting susceptibility.

5. The French pavement rutting tester, GLWT, and Hamburg
wheel-tracking device differentiated the surface mixtures. The rut
depths varied with the type of binder.

6. The GLWT and Hamburg wheel-tracking device did not dif-
ferentiate the AC-5 surface mixture from the AC-5 base mixture or
the AC-20 surface mixture from the AC-20 base mixture. Increased
maximum aggregate size did not significantly reduce the rut depths
or the influence of binder type on rutting susceptibility.

7. A general correlation between G*/sin & and rutting suscepti-
bility is that a binder with a higher G*/sin & will provide a mixture
that has a lower rutting susceptibility. However, the degree of cor-
relation varied with the mixture test. The GLWT at 40°C provided
a very good relationship. The French pavement rutting tester at
60°C and Hamburg wheel-tracking device at 50°C provide reason-
ably good relationships. The main discrepancy in these latter two
devices was that even though the Styrelf mixture had a very low sus-
ceptibility to rutting, the data suggest that the rut depths are slightly
high’ compared with the G*/sin & of the binder. (The GLWT may
also provide this discrepancy if the test were to be performed at
50°C or 60°C. The data in Table 2 at a frequency of 0.125 rad/sec
show that the G*/sin & of Styrelf becomes higher than that of
Novophalt above 40°C.)

RECOMMENDATIONS

1. The results of this study should be compared with ALF pave-
ment performances. The initial pavement tests indicate low amounts
of rutting in the Novophalt and Styrelf surface mixtures; high
amounts of rutting in the AC-5, AC-10, and AC-20 surface mix-
tures; and lower amounts of rutting in the AC-5 and AC-20 base
mixtures compared with the AC-5 and AC-20 surface mixtures. The
data from the GLWT and Hamburg wheel-tracking device do not
agree with this last observation.

2. The reversals provided by the Styrelf and Novophalt binders
should be evaluated.

3. Additional binders should be tested to develop firm relation-
ships between G*/sin 8 and the rutting parameters given by labora-
tory mixture tests.
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The objective of the Corps of Engineers gyratory testing machine
and method is to design an essentially rut-free pavement for what-
ever design stress is anticipated. The GTM procedure states, “In no
case, however, should a bitumen content be selected that will be
high enough to cause more than a faint spreading of the gyrograph
trace.” By this analysis, all of these mixtures except the Novophalt
contain an excessive amount of asphalt and would be expected to
rut if subjected to the 120-psi vertical stress employed in the GTM
test. Please note that although the rutting test results show some rut-
ting for all mixes, the least amount occurred for the Novophalt in
each instance.

Referring to Table 7, the GEPI values are in error since the GEPI
cannot be less than 1. The GEPI is defined as the ratio of the mini-
mum intermediate gyrograph band width to the initial gyratory
angle (i.e., the machine setting). Obviously the gyrograph, which is
a recording of the gyratory angle, cannot be less than the machine
angle controlled by the upper and lower rollers. It is not immedi-
ately evident how this error could occur.

Gyrographs for different aggregate types are also shown in order
to illustrate how the gyrograph responds to the stress-strain proper-
ties of the material. The gyrograph is a recording of shear strain; the
wider the gyrograph, the flatter the stress-strain curve. There is no
question that S is a direct measure of plain strain simple shear and

183

the fact that S is practically constant for these tests means that it is
largely reflecting the internal friction of the aggregate, which is the
same for all mixes. Any difference brought about by changes in the
bitumen will more likely be reflected by changes in cohesion (not
internal friction) and would be reflected in a Mohr’s-type diagram,
which can be readily prepared from the GTM results if S8 is plotted
against increments of vertical stress.

Even more important would be changes observed in densification
rate and recovery properties when using the GTM as a traffic sim-
ulator employing the air-filled upper roller in conjunction with
cyclic loading (1).
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AUTHORS’ CLOSURE

McRae states that the GTM is used to produce rut-free pavements
and implies that the GTM parameters should not be correlated with
rut depth. The data in our paper support the second part of this
statement in that no correlation was found. However, it is the first
author’s experience that if an asphalt mixture test cannot be used
as an analysis tool because it does not discriminate mixtures with
widely different levels of performance, it may not always pro-
vide the required performance when used to design a mixture.
Whether the GTM is an exception to this experience needs to be
shown. We have tested mixtures with 100 percent rounded coarse
aggregate using the GTM. The GTM has provided optimum binder
contents for the mixtures, but the GTM parameters, including shear
strength, have not always indicated that the mixtures will be
susceptible to rutting. Perhaps changing the applied gyratory angle
would provide better results.

Concerning the errors in the reported GEPI, we have only found
the GEPI to be less than | for a few mixtures. These low GEPI have
only been obtained when testing 152.4-mm diameter specimens and
not with 101.6-mm diameter specimens. Perhaps this is coinciden-
tal. GEPIs less than 1 indicate there is a problem with the proce-
dures used to apply or calibrate the desired angle. We have tried to
independently verify the applied angle using a digital protractor.
This has not been successful. Repeating the calibration procedures
have indicated that the machine may not be capable of measuring
or applying the small angles involved at the level of accuracy that
is needed.

The use of Mohr’s circles and the air-filled roller are also dis-
cussed. Perhaps these would provide different results, but these
alternate methods were not evaluated. We also only used a single
vertical stress and a single angle. These could also be varied.

Publication of this paper sponsored by Committee on Characteristics of
Bituminous Paving Mixtures to Meet Structural Requirements.
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Mix Design Methodology for a
Warrantied Pavement: Case Study

]. HARVEY, B. A. VALLERGA, AND C. L. MONISMITH

The application of a mix design procedure developed as part of Strate-
gic Highway Research Program (SHRP) Project A-003A for a war-
rantied pavement project in California is described. Two mixes were
designed for overlay of a “cracked and seated” portland cement con-
crete pavement, one a dense-graded asphalt concrete with a PBA-6
specification modified binder and the other an asphalt-rubber hot mix
with a gap gradation. Both mixes were designed to meet rutting speci-
fications for the pavement warranty. The mix design method considers
mix performance measured using repeated load simple shear testing at
constant height, traffic, site-specific temperatures, and reliability of test
results and traffic predictions. The mixes were also evaluated for mois-
ture sensitivity, using moisture-conditioning procedures developed as
part of Project SHRP A-003A to determine the need for, and suitability
of, using an antistripping additive. The mix design method developed
in SHRP A-003A provided the contractor with a tool to predict the per-
formance of the mix in terms of anticipated traffic during the warranty
period and for site-specific temperature conditions. Both mixes were
constructed as part of the overlay project in July 1993 and performed
successfully during 1994.

During the 1993 construction season, the California Department of
Transportation (Caltrans) decided to call for bids on state highway
work using the principle of warranted pavements on several over-
lay construction projects. One of these projects was located on
Interstate 5 north of Redding, California, running from 2 km (1.3
mi) south to 1.3 km (0.8 mi) north of the Sims Road undercrossing,
hereinafter referred to as the “Sims Project.” Essentially, the con-
struction was to consist of placing two lifts of an asphalt-concrete
overlay on existing portland cement concrete (PCC) pavement,
which was to be “cracked and seated.” Both lifts were to be 46 mm
(0.15 ft) thick with the first lift to be Caltrans asphalt concrete (type
A), hereinafter referred to as DGAC, and the second lift Caltrans
rubberized asphalt concrete-gap graded (type G, asphalt rubber),
hereinafter referred to as ARHM-GG.

The warranty was limited to the asphalt-concrete paving itself, in
which the contractor was to agree to warrant the performance of the
asphalt-concrete paving over a period of 5 years. Enforcement of
the warranty was to be based on defined performance criteria incor-
porated in the special provisions of the project. Terms of the war-
ranty are described by Vallerga (7).

The performance criteria include rutting, raveling, flushing,
delamination, and cracking.

The contractor awarded the contract in consultation with B. A.
Vallerga, Inc., and decided to use the mix design methodology
developed as a part of Strategic Highway Research Program
(SHRP) Project A-003A at the University of California at Berkeley

J. Harvey and C. L. Monismith, Institute for Transportation Studies, 1301
S. 46th Street, Building 452, Richmond, Calif. 94804. B. A. Vallerga, BA
Vallerga, Inc., 1330 Broadway, Suite 1044, Oakland, Calif. 94612.

(UCB) and Oregon State University (OSU). The procedure used to
arrive at the designs selected for the two mixes, which have now
been in service on Interstate 5 for over 1 year, is described in this

paper.

GENERAL APPROACH

Figure 1 illustrates the framework for a comprehensive mix design
and analysis system that has been proposed by the SHRP A-003A
researchers (2). The extent of testing varies with the functional
capacity of the roadway. For design situations with unusual traffic
demand or unconventional materials, or both, extensive testing is
recommended. :

This comprehensive system consists of a series of subsystems in
which the mix components, asphalt (or binder) and aggregate, and
their relative proportions are selected in a step-by-step procedure to
produce a mix that can be evaluated to ensure that it will attain the
desired level of performance in the specific pavement section in
which it is to function. Although three subsystems have been
developed (to examine fatigue, permanent deformation, and low-
temperature cracking), only the permanent deformation system was
used in this investigation. The framework for this subsystem is
briefly outlined in the following paragraphs (3).

Distinguishing characteristics of the permanent deformation sys-
tem are shown in Table 1. For this project, the Level A procedure
was selected. It involves simplified testing with the cyclic shear test
at one temperature and includes the following steps, which are
shown schematically in Figure 2. (It should be noted that the level
A analysis system was developed using information determined
from the Level B procedure, which uses a nonlinear viscoelastic
three-dimensional constitutive relationship and a finite element
analysis.)

The steps in the Level A procedure are as follows:

1. Determine design requirements for reliability and perfor-
mance. The analysis system outlined here permits the designer to
select a level of reliability commensurate with the pavement site for
which the mix will be used. Performance requirements for perma-
nent deformation generally call for the amount of rutting not to
exceed some level, for example, 10to 13 mm (0.4 t0 0.5 in.) in order
to minimize the potential for hydroplaning.

2. Determine expected distribution of in situ temperature. Pave-
ment analysis in the abridged procedure requires that the mix be
evaluated at the critical temperature (7,) the temperature at which
the maximum amount of permanent deformation occurs (3). For this
mode of distress it is important to emphasize that temperatures in
the upper part of the temperature range have a significant influence
on the development of permanent deformation. The site-specific
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critical temperature can be calculated following the procedure
described by Deacon et al. (4). It is necessary that these computa-
tions be performed only once for a specific region or project area.

3. Estimate design traffic demand [equivalent single axle loads
(ESALs)]. For this procedure it is necessary to estimate the number
of design-lane ESALSs at the critical temperature using temperature
conversion factors (4). These factors need only be computed once
for specific regions.

ESALsy = ESALs -TCF (n

where TCF is the temperature conversion factor.

4. Select trial mix. With a binder and aggregate, a trial mix is
selected. This might be done according to the Superpave methodol-
ogy or by any procedure that the responsible agency considers
appropriate. Changes and redesigns are evaluated at the discretion
of the design (materials) engineer.

5. Prepare test specimens and condition as required. Cylindri-
cal specimens 15 cm (6 in.) in diameter by 5 cm (2 in.) high are
obtained from slabs prepared by rolling wheel compaction with
procedures such as those used at UCB (5-7). These specimens are
cored and then sawed so that the end surfaces are smooth and
parallel.

6. Perform cyclic shear tests. In the level A procedure, cyclic
shear tests [also referred to as repetitive simple shear test at constant
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height (RSST-CH)] are performed at the critical temperature, 7, for
the specific site. At this time, the recommended procedure is to use
a shear stress of 69 kPa (10 psi) [associated with tire pressures of
about 690 kPa (100 psi)], which is repeatedly applied with a dura-
tion of 0.1 sec and a time interval between loadings of 0.6 sec. The
repeated loading is continued for 1 hr, permitting the specimen to
be subjected to a total of about 5,000 stress repetitions.

. 1. Determine the resistance of the trial mix to permanent defor-
mation. From finite element analyses it has been determined that
there exists a reasonably constant ratio between the vertical rut
depth obtained in representative asphalt-bound layers and the per-
manent shear strain obtained in the RSST-CH for the 690-kPa (100-
psi) tire-loading condition (3). At this time N, for the given mix
can be estimated using the design rut depth and the corresponding
permanent shear strain from the following:

Rut depth (in.) = K -(y,) l (2)

where (y,) is the permanent shear strain, and X is the conversion
factor with a value of 254 to 279 (mm) [10 to 11 (in.)].It is likely
that K will be somewhat dependent on the structural pavement sec-
tion; that is, there may be a different conversion factor for a 10-cm
(4-in.) asphalt-concrete overlay on a PCC pavement compared with
a comparatively thick asphalt-concrete layer for which the factor
shown in Equation 1 had been determined.

8. Apply a shift factor to the traffic demand (ESALs). The design
traffic volume, that is, the laboratory-equivalent repetitions of the
standard load, Nyemang 1S determined from

Nyemana = ESALsy - SF ’ o 3)

where ESALs;_is the design ESALs adjusted to the critical tem-
perature, T,, and SF is the empirically determined shift factor. At

TABLE 1 Distinguishing Characteristics of Permanent-
Deformation Analysis System

Variables Level A Level B
Abbreviated analysis Comprehensive analysis
with limited cyclic shear  with full testing
testing
Testing Type Cyclic shear Constant height simple
shear, uniaxial strain,
volumetric shear
frequency sweep (with
damage evaluation)
Temperature Critical temperature, T, 40°C with frequency
sweeps at 4°, 20°, 40°,
and 60°C
In-Situ Traffic Equivalent ESALs at T, ESALs by temperature
Conditions 85th percentile tire . class, 85th percentile tire
. pressure pressure
Structure Critical shear stress Complete stress/strain
under "standard” load at  pattern from finite
T, element analysis
Temperature Frequency distribution at ~ Frequency distribution
50 mm (2 in.) depth throughout surface layer
Analysis Mechanistic Finite element analysis Finite element analysis
with nonlinear . with nonlinear
viscoelastic surface viscoelastic surface
properties® properties
Damage Preanalysis (temperature  Integral part of finite

equivalency factors for
design ESALs)

element analysis

2]t is possible that sufficiently accurate results for shear stress may be determined using
multi-layer elastic analysis as experience is developed.
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this time, it is recommended that a shift factor of 0.04 be used. This
shift factor was determined from analyses of a limited number of
SHRP General Pavement Studies test sites (3).

9. Compare traffic demand (Ngemas) Wwith mix resistance
(Nuppiy)- Satisfactory performance requires that the mix resistance
(Nappiy) €qual or exceed the traffic demand (Nyemane)- Accordingly a
multiplier, M, is applied t0 Nyemang Since neither Nyyppy NOE Nyemang 18
known with certainty. This factor permits the incorporation of an
appropriate level of design reliability as well. For a mix to be satis-
factory,

Mupply =M- Ndemand A . (4)

where M is a multiplier whose value depends on the design relia-
bility and on the variabilities of the estimates of Nypy and Nyemanas
Table 2.

10. If mix is inadequate, alter trial mix and iterate. If the partic-
ular mix is determined to be inadequate, a number of alternatives
are available to the designer, including adjusting the asphalt con-
tent, adjusting the aggregate gradation, using a modified binder,
selecting another aggregate source, or making combinations of the
above.

The Level A methodology can be used as a mix design procedure
to select the initial binder content. Mixes can be prepared over a
range in binder contents by rolling wheel compaction to the air-void
content at which maximum permanent shear strain resistance occurs
(about 3 percent for the mixes included in this project). For each mix
the procedure described in the previous section would be followed
to select Nyppy. The mix with the highest binder content that satisfies
M * Ngemans (adjusted traffic) is selected for further evaluation.
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PROJECT INFORMATION

The site of the Sims Project [total length of about 3.3 km (2.0 mi)]
is on Interstate 5 in Shasta County, California, near the town of
Castella. The site is in a mountainous area, and consisted of only the
northbound lanes, which contain both flat and uphill grade (5 per-
cent maximum) sections. The mixes were designed for an overlay
to be placed on a cracked and seated PCC pavement, with the over-
lay structure design consisting of 46 mm (0.15 ft) of dense-graded
asphalt concrete with a PBA-6 binder (DGAC-PBAG6) underneath
46 mm (0.15 ft) of asphalt-rubber hot mix having a gap-graded
aggregate component (ARHM-GG).

A material and workmanship warranty for a period of 5 years
from the date of completion of the construction was required. The
limiting rut depth could not exceed 13 mm (0.04 ft or 0.5 in.) at any
time during the warranty period. It was expected that approximately
10 million 80-kN (18-kip) ESALs would traffic the design lane dur-
ing that period.

Because of the thick layer of cracked and seated PCC beneath the
overlay, it was calculated that fatigue cracking would not occur dur-
ing the warranty period. An antistripping agent was considered for
use with both mixes because water sensitivity problems have been
experienced in Caltrans District 2.

SIMPLE SHEAR TEST TEMPERATURE, T,

The temperature used for testing in the repeated load simple shear
test is termed the critical temperature, T,, and represents the tem-
perature at a depth of 50 mm (2 in.) below the surface of the pave-
ment. This depth has been found to be the approximate location at
which maximum shear stresses occur below the edge of the tire (3.)
A value of T, of 45°C (113°F) was determined for the test site
according to the procedure described by Deacon et al. (4.)

MATERIALS AND SPECIMEN PREPARATION
Aggregate

Aggregates for both mixes were produced from the Fawndale
quarry. Aggregate was received from three bins for the ARHM-GG

TABLE 2 Reliability Multipliers

Sample Size  Variance of  Reliability
Lo(Ngemang)  Multiplier

60 Percent 80 Percent 90 Percent 95 Percent
Reliability Reliability Reliability Reliability
(Zg=0.253) (Zzg=0.841) (Zg=1.28) (Zg=1.64)
1 0.2 1.349 2.704 4.545 6.957
0.4 1.377 2.896 5.046 7.955
0.6 1.404 3.090 5.567 9.022
1.0 1.455 3.430 6.673 11.381
2 0.2 1.304 2.416 3.830 5.587
0.4 1.334 2.609 4.305 6.490
0.6 1.363 2.802 4.797 7.456
1.0 1.417 3.188 5.839 9.592
4 0.2 1.280 2270 3.482 4.945
0.4 1.312 2.464 2.946 5.80s
Q.6 1.342 2.657 4.425 6.723
1.0 1.397 3.042 5.437 8.754
8 0.2 1.267 2.197 3.313 4.640
0.4 1.300 2.392 3.772 5.479
0.6 1.331 2.585 4.245 6.375
1.0 1.388 2.970 5.243 8.356
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mix and four bins for the DGAC-PBA6 mix. After drying, the
aggregate was batched in 7-kg (15.4-1b) samples using the follow-
ing percentages (by dry weight of aggregate):

Percent Passing

Sieve Size DGAC-PBAG: ARHM-GG
7/8 in. 35 45
5/8 in. 5 —
3/8 in. 21 34
Minus No. 4 39 21

Wet sieve analyses (ASTM C-117 and C-136) of the batched
aggregate were performed for each mix, the results of which are pre-
sented in Table 3. It can be seen that the actual gradations were gen-
erally close to the target gradations, except for the fraction passing
the 0.075-mm (No. 200) sieve for DGAC-PBA6, which was higher
than the target. A higher fines content would be expected to reduce
the permanent shear deformation resistance of the mix (7).

Mixing
DGAC-PBAG6 Material

The aggregate batches were mixed with PBA-6 binder supplied by
Telfer Sheldon Oil of Martinez, California. Just before mixing with
the aggregate, 0.5 percent (by weight of asphalt) PaveBond PC anti-
stripping agent was stirred into the PBA-6. Binder contents were
4.5,5.0. 5.5, and 6.0 percent by weight of aggregate (4.3, 4.8, 5.2,
5.7 percent by weight of mix). The aggregate was heated at 152°C
(305°F) for at least 2 hr before mixing. The binder was heated at the
same temperature for at least 90 min before mixing.

ARHM-GG Material

The aggregate batches were mixed with asphalt-rubber binder sup-
plied by International Surfacing Inc. (ISI) of Chandler, Arizona.

Before shipment to UCB, ISI mixed 0.5 percent (by weight of -

binder) PaveBond PC antistripping agent into the asphalt rubber.
Binder contents were 6.0, 7.0, 8.0, and 9.0 percent by weight of
aggregate (5.7, 6.5, 7.4, and 8.3 percent by weight of mix). The
aggregate was heated at 163°C (325°F) for at least 2 hr before mix-
ing. The binder was heated for at least 3 hr at the same temperature
before mixing.

Aging and Compaction

All mixes were short-term oven aged for 4 hr at 135°C (275°F) to
simulate aging that occurs in a typical batch or drum plant (8). Rice

TABLE 3 Aggregate Gradations

Sieve Size DGAC-PBA6 Specified ARHM-GG Approx Target
mm Percent Passing  Percent Passing  Percent Passing  Percent Passing
26 (1 in.) 100 100 100 100

19 (3/4 in.) 98 95 98 98

13.2 (1/2 in.) 83 80 83

9.5 (3/8 in.) 7t 68 71 68

4.75 (#4) 51 48 38 34

2.36 (#8) 41 35 24 21

1.18 (#16) 29 25 16

0.60 (#30) 19 17 10 9

0.30 (#50) 12 12 7.0

0.15 (#100) 8.9 8 5.4

0.075 (#200) 7.4 4 4.6 3
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maximum specific gravity tests (ASTM D204 1) were performed on
the mixes for each binder content.

The mixes were compacted in “ingots,” each weighing approx-
imately 20 kg (44 1b), using UCB rolling wheel compaction (5-7).
The target air void content was 3.2 percent, as measured using
parafilm. This value was selected because it appears to provide the
maximum rutting resistance for the mixes included in this project
and most dense-graded asphalt concrete and dense- and gap-graded
asphalt-rubber mixes. If the mix can sustain the anticipated
traffic at this air void content without excessive deformation, it can
be concluded that satisfactory performance will be obtained in
situ (3,9).

The compaction temperature was 141°C (285°F) for the dense-
graded mixes and 146°C (295°F) for the asphalt-rubber mixes. One
ingot of ARHM-GG, with an asphalt content of 6.0 percent, was
compacted at 157°C (315°F) because the previous six attempts to
achieve air void contents of less than 4 percent using the 146°C
(295°F) compaction temperature had failed. This indicates that
somewhat higher compaction temperatures are needed to compact
this mix to low air void contents in the field.

After cooling overnight, the ingots were cored and cut to produce
three 150-mm (6-in.) diameter, 50-mm (2-in.) tall cylindrical spec-
imens. The specimens were tested for air void content, with the
results shown in Tables 4 and S for the DGAC-PBA6 and ARHM-
GG mixes, respectively. Only those specimens selected for testing
are shown.

SIMPLE SHEAR TEST RESULTS

The cyclic shear tests were performed using the Universal Testing
System developed as part of SHRP A-003A and manufactured by
James Cox and Sons. For the RSST-CH, the specimen is bonded to
platens that are in turn clamped to the actuators. The vertical actu-
ator is used to maintain the specimen at a constant height, whereas

TABLE 4 Constant Height Simple Shear Repeated Load Tests:
DGAC-PBA6 Mixes

Asphalt content by Air-void content — N, iy (at y=0.045) N . average X
weight of aggregate  percent X TS 103
— percent

Laboratory prepared specimens

4.5 39 120.4 1,015
33 229
3.1 2900
2.6 3041
5.0 4.2 5.1 4,973
4.1 30.0
2.7 14884
2.5 1270
5.5 33 8.8 153.5
3.1 20.5
3.0 70.7
1.4 196.9
1.2 470.9
6.0 4.2 10.4 75.1
3.3 96.5
2.9 118.5
Field Cores
5.2 7.8 1931 1,492
8.4 1053 \
Field Mix Compacted in Laboratory
5.2 5.5 88 57
6.8 35
7.7 48
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TABLE 5 Constant Height Simple Shear Repeated Load Tests:
ARHM-GG Mixes

Binder content by Air-void content — N, average X
weight of aggregate  percent X TS

— percent

, (@ y=0.045) N

1 Osywly

Laboratory prepared specimens

6.0 2.5 4256 172.2
2.5 2576
4.3 7849
4.4 2995
7.0 29 1647 59.8
3.0 772
3.9 5235
8.0 2.8 1063 12.6
2.9 586
2.9 471
3.4 384
9.0 2.7 673 12.0
: 3.0 781
Field cores
7.5 11.3 29 43.0
12.4 57

Field Mix Compacted in Laboratory

7.5 9.4 29 37.2
10.1 19
11.6 39
12.8 54
14.1 45

the horizontal actuator applies a repetitive haversine shear stress.
For this project, the RSST-CH was performed using a 68.9-kPa (10-
psi) shear stress, with a 0.1-sec loading time followed by a 0.6-sec
rest period. Each specimen was subjected to approximately 5,000
load repetitions. i

During the test, the permanent shear strain increases with each
load repetition. As noted earlier, permanent shear strain in the
RSST-CH has been related to rut depth, according to Equation 1.
For example, using a value of K equal to 279, the shear strain cor-
responding to a rut depth of 13 mm (0.5 in.) is 0.045 or 4.5 percent.
Tables 4 and 5 summarize the number of RSST-CH repetitions to

4.5 percent permanent shear strain, Noppiy-

BINDER CONTENT SELECTION

To select the design binder content for each mix, the procedure out-
lined earlier was followed.

The design traffic volume, Nyemana, Was determined from Equation
3. The design number of ESALSs, adjusted to the critical tempera-
ture (ESALy), was determined by multiplying the design ESALS
by the TCF for the site; in this instance a value of TCF = 0.1158
was used. A value of 0.04 was used for the shift factor, as follows:

Nyemana = [(10 X 10%) - (0.1158)]- (0.04) = 46,230 reps

To determine binder contents corresponding to different levels of
reliability, Ny, was determined from Equation 3. Values for M
were selected from Table 2 and are based on variabilities in.the esti-
mate of the natural logarithm of Nyemua = 0.2 and a sample size of
4. Table 2 was determined for a mean square error of 0.602 from
simple shear test results for one mix over a range in binder contents
using Equation 5:

M = exp (Z. - [var {In traffic estimate }
+ var{Iln RSST-CH results}] ' 5)
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where

R = desired confidence level,
Zx = standard normal deviate,
var = variance, and
exp = antilog of Naperian base.

The values for M are as follows:

Reliability Level M Noemana X 10°
80 2.270 1.05
90 3.482 1.61
95 4.945 2.29

The results of the simple shear tests, Tables 4 and 5, are plotted in
Figure 3 for the mixes containing the PBA-6 and asphalt-rubber
binders.

These values were compared with the N,y values determined
from RSST-CH results for each binder content for the design
rut depth [13 mm (0.5 in.)], which are also plotted in Figure 3.
It can be seen that maximum binder contents of 5.4 and 5.9 per-
cent by dry weight of aggregate for the DGAC-PBA6 and ARHM-
GG mixes, respectively, would produce an asphalt concrete with
95 percent probability of not exceeding the design rut depth under
the projected traffic loading of 10 million ESALs for the Sims

- Project.

The binder content for the DGAC-PBA6 mix determined from
this analysis is approximately the same as that found acceptable
from past experience with similar mixes. In contrast, the binder con-
tent for the ARHM-GG micx at this level of reliability is lower than
considered acceptable for similar mixes. A 6.5 percent binder con-
tent, however, would provide Ny exceeding Ngemana With a relia-
bility level of 80 percent.

PAST EXPERIENCE AND SELECTION OF
BINDER CONTENTS

Past experience had indicated that a specified binder content of 5.2
percent by weight of dry aggregate would be successful for the same
aggregate type and gradation under similar conditions. Based on the
analyses presented above and past experience, a job-mix formula
binder content of 5.2 percent was recommended for the mix con-
taining the PBA-6 binder.

Limited experience (up to 4 years) on the part of advocates of
asphalt-rubber binders indicated that asphalt-rubber contents of 8.1
to 8.7 percent by dry weight of aggregate have been used with no
signs of excessive rutting. The calculations for the Sims Project,
using air void content criteria from specimens prepared using the
Hveem method (Caltrans Test 367), indicate that a binder content
of 8.5 percent by dry weight of aggregate would be acceptable
(although stabilometer S-values were in the range of 13 to 18, val-
ues that are considered unacceptable for conventional mixes).
However, accepting the fact that limited experience has shown that
asphalt-concrete mixes made with asphalt rubber can tolerate
higher binder contents than asphalt-concrete mixes made with
conventional asphalts, for whatever reason, a binder content of
7.5 percent by dry weight of aggregate was recommended for the
ARHM-GG mix. '
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FIGURE 3 Relationship between N, (repetitions to -y, = 0.045) and binder content for DGAC-PBA6 and ARHM-GG mixes.

MOISTURE SENSITIVITY TESTING

Moisture sensitivity of the DGAC-PBA6 and ARHM-GG mixes
was evaluated at OSU using the Environmental Conditioning Sys-
tem, developed as part of SHRP A-003A (10).

Mixes were prepared with the following variations: DGAC-
PBAG6 mixes with 4.5 and 5.0 percent binder contents, both with and
without 0.5 percent PaveBond antistripping additive; and ARHM-
GG mixes with 7.0 and 8.0 percent binder contents, both with and
without 0.5 percent PaveBond antistripping additive. Specimens
were compacted using kneading compaction. Air void contents
were approximately 8.2 = 0.5 percent for the DGAC-PBA6 mixes
and 10.6 = 1.0 percent for the ARHM-GG mixes. These air void
contents represent conditions that allow access of water into the
specimens for maximum detrimental effect (10).

Figures 4 and 5 present the findings from the results of tests on
the DGAC-PBA6 and ARHM-GG mixes, respectively. In the plots,
each line connects a series of resilient moduli (M) ratio values

obtained on a given specimen at one to four cycles of exposure in-

the environmental chamber of the ECS. The first three cycles con-
sist of 6 hr in water at 60°C (140°F) followed by 4 hr in water at
25°C (77°F), and the fourth cycle consists of 6 hr in water at —18°C
(0°F) followed by 4 hr in water at 25°C. The ratio values are deter-
- mined by dividing the My, after conditioning by the MR of the orig-
inal unconditioned specimen.

The results plotted in Figure 4 indicate that the use of the Pave-

Bond additive was effective in decreasing the water sensitivity of
the DGAC-PBAG6 mix at both binder contents. A similar, although
less effectlve decrease in water sensitivity was also obtained with-
out the additive by increasing the binder content to 5.0 percent.
" The water sensitivity of the ARHM-GG mixes did not appear to
be significantly affected by either binder content (7.0 and 8.0 per-
cent) or the presence of the PaveBond antistripping additive, as can
be seen in Figure 5.

On the basis of these findings, the following conclusions were
drawn regarding the moisture sensitivity of the DGAC-PBA6 and
ARHM-GG mixes tested:

Mix Binder content (%) 0.5% Additive Moisture Sensitive?
DGAC-PBA6 4.5 No © Yes

4.5 Yes No

5.0 No Borderline

5.0 Yes No
ARHM-GG 70 No No

70 Yes No

70 Yes No

80 No No

80 Yes No

Because DGAC-PBAG6 was to be placed as the lower layer of the
overlay and had shown water sensitivity, it was recommended that
the mix include 0.5 percent of PaveBond antistripping additive.
Because the ARHM-GG mix had not shown moisture sensitivity
and was to be placed as the upper layer of the overlay, it was rec-
ommended that it not include the additive; however, at the discre-
tion of the mix producer, the additive might be included as a pre-
cautionary measure because it could sxgmﬁcant]y improve the My
ratio values.

FIELD PERFORMANCE TO DATE

The DGAC-PBA6 and ARHM-GG mixes were placed at the site in
July 1993. During 1994 no visible rutting or cracking was observed.

‘Two cores were taken by Caltrans outside of the wheel path after
construction and tested using the RSST-CH under the same condi-
tions used for the mix design. Those results are presented in Tables
4 and 5. It can be seen that the construction air void contents for the
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DGAC-PBA6.and ARHM-GG mixes were approximately 8.1 and
11.6 percent, respectively.

Field mix was also collected by Caltrans during construction,
from which specimens were prepared to approximate the construc-
tion air void contents using rolling wheel compaction and tested
using the RSST-CH under the same conditions used for the mix
design. These results are also presented in Tables 4 and 5.

The DGAC-PBAG results, shown plotted in Figure 6 with the
original mix design data, indicate that the field cores had greater
permanent shear deformation resistance than did the original mix
design specimens and laboratory specimens compacted from field
mix. A possible cause of the difference may be the low height of the
field cores (approximately 35 to 40 mm) relative to the maximum
aggregate size. The latter results correspond well with the original
mix design results, considering the difference in air-void contents.
It would be expected that the mix in situ would undergo additional
compaction because of trafficking, resulting in higher permanent
shear deformation resistance.

The ARHM-GG results, plotted in Figure 7, match well with the
mix design data after accounting for the difference in air void con-
tents. The field cores and laboratory-compacted field mix also have
corresponding results.

SUMMARY

The project discussed in this paper used an application of a mix
design method developed in the SHRP A-003A project. With this
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method, binder contents were selected for two mixes—ARHM-GG
and DGAC-PBAG6-—that should meet the performance required by
the warranty for the project.

There are a number of features of this mix design approach that
differ from current procedures and that should be emphasized:

e Use of test temperature corresponding to the critical tempera-
ture for the specific site,

" e Application of the primary distress mechanism for permanent
deformation using the RSST-CH,

e Compaction to the critical air void content expected in the field
after trafficking using a laboratory compaction procedure that pro-
duces mix characteristics similar to those produced by field com-
paction, and .

e Use of reliability concepts that allow the mix designer to
include an appropriate level of risk for the project under considera-
tion.

In addition, the water sensitivity testing methods developed as
part of the SHRP A-003A project demonstrated the suitability of,
and evaluated the need for, an antistripping additive for both
mixes.

It is recommended that evaluation of the mix design method pre-
sented in this paper continue by application to additional projects.
Through this process the authors believe that the advantages of this
methodology can be demonstrated; at the same time, further refine-
ments can be made if required.
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FIGURE 6 Comparison of mix design and field specimen permanent shear deformation resistance for DGAC-PBAG6.
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Evaluation of Hamburg Wheel-Tracking
Device to Predict Moisture Damage in

Hot-Mix Asphalt

TiM ASCHENBRENER

The Colorado Department of Transportation (CDOT) and FHWA'’s
Turner-Fairbank Highway Research Center were selected to demon-
strate several pieces of European equipment. The Hamburg wheel-
tracking device was one of those pieces of equipment. It is used to pre-
dict moisture damage of hot-mix asphalt (HMA). This paper provides
an evaluation of factors that influence the results from the Hamburg
wheel-tracking device. There was excellent correlation between the
Hamburg wheel-tracking device and pavements of known field perfor-
mance. The Hamburg wheel-tracking device was found to be sensitive
to (a) quality of aggregates, (b) asphalt cement stiffness, (c) length of
short-term aging, (d) refining process or crude oil source of the asphalt
cement, (e) liquid and hydrated lime antistripping treatments, and (f)
compaction temperature. The Hamburg wheel-tracking device was
demonstrated on two CDOT projects to improve the quality of HMA.

In September of 1990, a group of individuals representing
AASHTO, FHWA, National Asphalt Pavement Association
(NAPA), Strategic Highway Research Program (SHRP), Asphalt
Institute (AI), and TRB participated in a 2-week tour of six Euro-
pean countries. Information about this tour has been published in
Report on the 1990 European Asphalt Study Tour (I). Several areas
for potential improvement of hot-mix asphalt (HMA) were identi-
fied, including the use of performance-related testing equipment
used in several European countries. The Colorado Department of
Transportation (CDOT) and FHWA'’s Turner-Fairbank Highway
Research Center were selected to demonstrate this equipment.

The purpose of this paper is to provide an evaluation of factors
that influence the results from the Hamburg wheel-tracking device.

HAMBURG WHEEL-TRACKING DEVICE
Equipmeht and Procedure

The Hamburg wheel-tracking device is manufactured by Helmut-
Wind, Inc. of Hamburg, Germany, as shown in Figure 1; a close-up
is shown in Figure 2. A pair of samples are tested simultaneously.
A sample is typically 260 mm (10.2 in.) wide, 320 mm (12.6 in.)
long, and 40 mm (1.6 in.) thick. Its mass is approximately 7.5 kg
(16.5 1b), and the sample is compacted to 7 * 1 percent air
voids. The samples are submerged in water at 50°C (122°F),
although the temperature can vary from 25°C to 70°C (77°F to
158°F). A steel wheel 47 mm (1.85 inches) wide loads the samples
with 705 N (158 Ib). The wheel makes 50 passes over each samplé

Colorado Department of Transportation, 4340 East Louisiana, Denver,
Colo. 80222.

per minute. The maximum velocity of the wheel is 34 cm/sec (1.1
ft/sec) in the center of the sample. Each sample is loaded for 20,000
passes or until 20 mm of deformation occurs. Approximately 6'/2 hr
is required for a test.

Test Results and Specifications

The results from the Hamburg wheel-tracking device include the
creep slope, stripping slope, and stripping inflection point as shown
in Figure 3. The results have been defined by Hines (2). The creep
slope relates to rutting from plastic flow. It is the inverse of the rate
of deformation in the linear region of the deformation curve after
postcompaction effects have ended and before the onset of strip-
ping. The stripping slope.is the inverse of the rate of deformation in
the linear region of the deformation curve after stripping begins and
until the end of the test. It is the number of passes for each 1 mm of
impression from stripping. The stripping slope is related to the
severity of moisture damage. The stripping inflection point is the
number of passes at the intersection of the creep slope and the strip-
ping slope. It is related to the resistance of the HMA to moisture
damage.

The city of Hamburg specifies a rut depth of less than 4 mm after
20,000 passes. A previous study (3) has found this specification to
be very severe for pavements in Colorado. A rut depth of less than
10 mm after 20,000 passes may be more reasonable.

COMPARISON WITH PAVEMENTS OF KNOWN
FIELD PERFORMANCE

Pavements of known stripping performance were tested in the Ham-
burg wheel-tracking device (3). Seven good pavements (Sites 1 to
7), five pavements requiring high maintenance (Sites 8 to 12), and
eight pavements that lasted less than 1 year (Sites 13 to 20) were
tested. The high-maintenance pavements are still in service after 3
to 5 years but required excessive maintenance. The pavements that
lasted less than | year were divided into two groups.

1. Pavements that were built in layers of different materials
(Sites 13 to 16) and had a unique pavement design feature, a rut-
resistant composite that utilized a plant-mixed seal coat.

2. Pavements built using conventional material design practices
that were not covered or “sealed” (Sites 17 to 20).

The pavements of known stripping performance were tested in the
Hamburg wheel-tracking device at the 50°C test temperature. The
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FIGURE 1 Hamburg wheel-tracking device.

stripping inflection point results are shown in Table 1. There was
excellent correlation between the stripping inflection point and the
_ known stripping performance. The good pavements (Sites 1 to 7)
had stripping inflection points generally greater than 10,000 passes.
The high-maintenance pavements (Sites 8 to 12) had stripping
inflection points generally between 5,000 and 10,000 passes. The

FIGURE 2 Close-up of Hamburg wheel-tracking device.
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pavements that lasted less than 1 year (Sites 13 to 20) had stripping
inflection points less than 3,000 passes. The Hamburg wheel-
tracking device has the potential to discriminate between pavements
of varying field stripping performance.

INFLUENCE OF MATERIAL PROPERTIES
Aggregate Properties

HMA from pavements of known field performance were tested, and
in virtually all cases, aggregate problems were identified (3). Aggre-
gate problems identified included

1. The presence of clay as identified by the methylene blue test,
2. Very high dust-to-asphalt ratios, and
3. Excessive dust coating on the aggregate.

A summary of results from these aggregate tests is shown in Table
1. Aggregate results that are considered unacceptable or marginal
are enclosed in parentheses. .

The methylene blue test is used to identify the quality of the mate-
rial passing the 75-um (No. 200) sieve. The test identifies deleteri-
ous clay or material with high surface activity. Test results greater
than 10 mg/g are marginal and greater than 20 mg/g are unaccept-
able. Virtually all of the bad pavements (Sites 13 to 17, and 19 and
20) had unacceptable methylene blue values. Some of the good
pavements (Sites 6 and 7) and high-maintenance pavements (Sites
8 and 9) were marginal.

The maximum dust-to-asphalt cement ratio can be defined by the
quantity of 75-um material that increases the ring-and-ball soften-
ing point (AASHTO T 53) at 11°C (4). All 13 of the stripping pave-
ments except 3 (Sites 9, 13, and 17) had dust-to-asphalt cement
ratios in excess of the maximum. Four of the seven good pavements
(Sites 3, 4, 6, and 7) had dust-to-asphalt cement ratios less than the
maximum. :

The amount of dust coating the coarse aggregate was identified
by dry sieving the blended aggregate over the 4.75-mm (No. 4)
sieve size and then washing the material over the 4.75-mm (No. 4)
sieve size. The difference in weight before and after washing was
defined as the dust coating. Two pavements (Sites 17 and 18) had
dust coatings of 3 percent or more.

A combination of these results is shown in Table 2. Materials that
failed two of the three tests were unlikely to have good performance
in the field and in the Hamburg wheel-tracking device. Materials
that passed all three tests had good performance in the field and in
the Hamburg wheel-tracking device.

Based on pavements of known performance, results from the
Hamburg wheel-tracking device appear sensitive to aggregate prop-
erties that include: clay content, high dust-to-asphalt ratios, and dust
coating on the aggregates.

Asphalt Cement Properties
Asphalt Cement Stiffness

We wanted to test asphalt cements with a variety of high-
temperature properties to investigate the change in asphalt cement
stiffness based on results from the Hamburg wheel-tracking device
(5). The gradings of asphalt cement tested were three neat asphalt
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TABLE 1 Summary of Test Results on Sites of Known Stripping Performance

18

20

Methylene Dust :Asphalt Dust Stripping
Blue Ratio Coating Inflection
(mg/g) (%) Point
Site Max. - Actual : (Passes)
1 6.8 1.17 (2.01) 0.3 >20,000
2 9.5 1.18 (1.40) 0.6 >20,000
3 2.5 1.17 1.05 0.2 >20,000
4 6.4 1.34 0.99 0.2 14,200
5 5.0 1.21 (1.35) 0.4 14,500
6 (12.6) 1.48 0.92 0.3 (3,500)
7 (11.9) 1.29 - 0.78 0.1 ->20,000
8 (13.0) 1.14 (1.67) NT (9,600)
9 (10.6) 1.21 0.97 0.7 (1,500)
10 8.7 1.32 (1.63) 0.2 (6,200)
11 4.3 1.24  (1.69) 0.7 >20,000
i2 8.3 1.35 (1.60) 0.2 (4,600)
13 (>20) 1.18 0.94 0.5 (2,300)
14 (>20) 1.23 (1.38) 1.9 (1,500)
15 (>20) 1.20 (1.26) NT NT

16 (14.2) 1.29 (1.45) 0.3 (1)
17 © (>20) 1.24 1.23 (3.8) (1)
18 6.6 1.08 (1.21) (2.8) (2,200)
19 (>20) 0.96 (2.01) NT (1)
20 {>20) 1.10 (1.21) 0.5 (1)

() - Indicates Unacceptable Test Result
NT - Not Tested
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TABLE 2 Ability of Tests on 75-um Material To Predict Stripping Performance

Sites of Known Performance

Methylene Blue

Dust:Asphalt Ratio Good High Less Than
Dust Coating Maintenance 1 Year
Pass All 3 2 0 0
Fail 1 of 3 5 4 1
Fail 2 of 3 0 1 7
Fail All 3 0 0 0

cements, AC-5, AC-10, and AC-20 meeting AASHTO M 226
(Table 2), and one polymer-modified asphalt cement, AC-20P,
meeting AASHTO Task Force 31, Type I-D. The properties of the -
asphalt cements are shown in Table 3. The high-temperature per-
formance grade (PG) of each asphalt cement as classified by SHRP
is included.

Four different aggregates were mixed with each grade of asphalt
cement and tested over a wide range of temperatures in the Ham-
burg wheel-tracking device. Table 4 shows the test temperatures
required to obtain a constant stripping inflection point for each mix
as the grade of asphalt cement is changed. For example, using Mix
2, an AC-5 tested at 43°C had the same stripping inflection point as
an AC-20 tested at 52°C.

When one testing temperature was used and the asphalt cement
stiffness was increased, the stripping inflection point occurred at a
larger number of passes. When one grade of asphalt cement was
used and the testing temperature was decreased, the stripping infec-
tion point occurred at a larger number of passes. Improved moisture

TABLE 3 Unaged Asphalt Cement Properties

resistance as asphalt cement stiffness increased was expected.

In the mountainous parts of the state, softer asphalt cements are
used. In the desert parts of the state, stiffer asphalt cements are used.
The Hamburg wheel-tracking device should not penalize softer
asphalt cements that are used in the colder parts of the state. In order
to obtain the same stripping inflection point for one aggregate as the
asphalt cement stiffness decreases because of environmental condi-
tions, the test temperature should decrease.

Generally, each time the asphalt cement increases one grade in
stiffness, the test temperature should increase approximately 6°C to
result in the same stripping inflection point.

It was extremely interesting to compare the temperature
differential required to obtain equal stripping inflection points shown
in Table 4 with the temperature differential required to obtain 1 kPa
stiffness from the Dynamic Shear Rheometer (DSR) shown in Table
3. The differences in high-temperature properties of each asphalt
cement measured by the Hamburg wheel-tracking device were
almost identical to the differences measured by the DSR.

Viscosity Penetration Ring & Ball DSR @ High

(60°C) (25°C) Softening 1 kPa Temp.
(Poises) (dmm) (°Cc) (°c) PG

AC-5 520 155 45.0 56.2 52
AC-10 1030 © 99 47.7 61.6 58
AC-20 1980 67 52.8 67.5 64
AC-20P 10280 74 62.2 77.4 70

TABLE 4 Test Temperatures Providing Equal Stripping Inflection Points for Various Asphalt Cement Grades

Temperature (°C)
Mix 1 Mix 2 Mix 3 Mix 4 Avg.
AC-5 42 43 NP 39 41
AC-10 46 49 NP 48 48
AC-20 52 52 NP 52 52
AC-20P NP 64 NP 58 61
NP - Not Possible to Determine

(Sample Did Not Fail or Failed Very Quickly)
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TABLE 5. Recommended Testing Temperatures for Hamburg Wheel-Tracking Device

High Temperature " Viscosity Recommended
Performance Grade Meeting the Test Temperature
Grade (PG) High Temperature for the

. °C : PG Hamburg Device
46 35°C
52 AC-5 40°C
58 AC-10 45°C
64 AC-20 50°C
70" AC-20P 55°C

.* - No pavements in Colorado are at this temperature.

A binder

with this grade may be appropriate for locations with very heavy

and slow moving traffic.

The recommended testing temperatures for the Hamburg wheel-
tracking device should be selected based on the high-temperature
environment the pavement will experience, as shown in Table 5.
These testing temperatures should provide equal stripping
inflection points for a mix as the asphalt cement grade is changed.
Consideration should be given to using test temperatures 5°C
lower. These temperatures would likely correspond with the city of
Hamburg procedure, in which high-temperature performance
asphalt cement grades of 64 or 70 and a 50°C test temperature
are used. :

Short-Term Aging

A study was performed to investigate the influence of short-term
aging on the results from the Hamburg wheel-tracking device (5).
The results are shown in Table 6. As short-term aging-time
increases, samples become more resistant to moisture damage. If
allowed to short-term age for 8 hr, all of the mixtures resist mois-
ture damage.

The increase in resistance to moisture damage as short-term
aging increases is expected. This could be caused by (a) a stiffen-
ing of the asphalt cement with increased aging, (b) the development

of better adhesion between the aggregate and asphalt cement with
‘aging, or (c) a combination of the two. )

Refining Process and Crude Oil Source

A study was performed to determine if the refining process or crude
oil source could influence the results from the Hamburg wheel-
tracking device (6). Four refineries provide most of the asphalt
cement used by CDOT. Each refinery produced one to three dif-

- ferent types of AC-10 or PG 58-22 grading asphalt cement. The

asphalt cement properties are shown in Table 7.

The test results from the Hamburg wheel-tracking device are
shown in Table 8. Each refinery was able to produce an asphalt
cement that was compatible with the better aggregates (Mixes 1 and
2). Most of the asphalt cements failed in the Hamburg wheel-
tracking device with the poorer aggregates (Mixes 3 and 4).
Although two of the asphalt cements worked with the poorer
aggregates (Al-and C2), an asphalt cement cannot. be expected to
overcome aggregate deficiencies.

Test results in the Hamburg wheel-tracking device are sensitive
to aggregate quality. When a mix fails, the aggregate quality should
beinvestigated. When the aggregate quality is acceptable, the refin-

TABLE 6 Deformation (mm) After 20,000 Passes Versus Short-Term Aging Period

Deformation

(mm)

After 20,000 Passes

Short-Term Aging Period (Hours)

Mix. 0 2 4 8
1 (>20.0) 6.1 8.6 1.7
2 (>20.0) 3.3 (11.0) 1.5
3 (>20.0) (11.8) (13.8) 2.3
4 (>20.0) 3.5 5.5 3.1

0

Indicates Unacceptable Test Result
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TABLE 7 Asphalt Cement Test Results from Various Refineries and Crude Oil Sources

Refinery Pen. Vis. DSR DSR Performance
(25°C) (60°C) (Tank) (TFOT) Grade
dmm Poises °C e °C @ (PG)
1 kPa 2.2 kPa
Al 92 1300 58.0 64.1 58-22
A2 110 940 61.7 62.1 58-22
A3 - 100 1060 62.4 62.7 58-22
Bl 105 1030 62.1 62.3 58-22
B2 128 820 60.2 59.8 58-22
B3 103 1060 62.5 62.7 58-22
C1 100 1010 61.8 62.6 58-22
c2 - 90 1000 62.4 61.2 58-22
D1 87 1100 62.3 60.7 58-22
vn 129 1040 61.7 62.1 58-22

TABLE 8 Deformation (mm) After 20,000 Passes from Various Refineries and Crude Oil Sources

Deformation (mm) After 20,000 Passes

Refinery Mix 1 Mix 2 Mix 3 Mix 4
Al 9.2 7.6 (17.9) 4.2
A2 8.5 6.9 (>20.0) (15.9)
A3 7.9 (14.8) (12.1) (17.6)
Bl 7.2 9.2 (15.1) (15.6)
B2 (14.8) (>20.0) (>20.0) (20.0)
B3 (14.3) (16.7) (16.6) (17.4)
c1 8.4 4.0 (14.6) (>20.0)
c2 4.4 (12.7) 5.2 5.9
D1 (>20.0) 7.3 (>20.0) (>20-.0)
vn (11.5) (10.5) (>20.0) (>20.0)

0

ing process and crude oil source should be investigated. Not all AC-
10 or PG 58-22 grading asphalt cements have the same adhesion
properties.

ANTISTRIPPING TREATMENT
Various Types of Antistripping Treatment
A study was performed to investigate the influence of the use

of various types of antistripping additives with the Hamburg
wheel-tracking device (7). Mixes were tested with no treatment,

four different types of liquid antistripping additives, and hydrated .

lime.

The results are shown in Table 9. When the mixes had no treat-
ment, the results from the Hamburg wheel-tracking device were
unacceptable for Mixes 1, 2, and 3. The use of hydrated lime
improved the test results dramatically for all of the mixes. Passing

- Indicates Unacceptable Test Result

test results were always obtained. Mixes treated with liquid anti-
stripping additives performed better than those with no treatment
with one exception. Passing test results were obtained for some of
the mixes treated with liquid antistripping additives but not with
others. Mixes treated with liquid antistripping additives did not
perform as well as those treated with lime but still improved
the HMA.

Method of Lime Addition

A study was performed to investigate if the method of lime addition
influenced the results from the Hamburg wheel-tracking device (5).
The amount of water used for mixing and the results are summa-
rized in Table 10.

When lime was not present, all of the mixes did poorly. When dry
lime was added to dry aggregate and thoroughly mixed, there was
a dramatic improvement in the results. Just the presence of lime
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TABLE 9 Deformation (mm) After 20,000 Passes for Various Antistripping Treatments

Deformation After 20,000 Passes

Additive A Additive B
No Hydrated L
Mix Treatment Lime Type 1 Type 2 Type 1 Type 2
1 (17.0) 1.4 2.2 3.1 6.3 7.4
2 (>20.0) 2.3 8.1 8.4 - 5.3 (14.6)
3 (>20.0) 2.5 (13.7) 8.5 (>20.0) (12.4)
4 8.7 2.3 6.2 4.6 5.0 4.3
() - Indicates Unacceptable Test Result ‘
TABLE 10 Deformation (mm) After 20,000 Passes Versus Method of Lime Addition
Deformation {(mm) After 20,000 Passes
Method of Lime Addition
No Lime 1% Lime 1% Lime 1% Lime 1% Lime
No Water No Water 2% Water 4% Water 4% Water
Mix No Mellow No Mellow No Mellow No Mellow 3-Day Mellow
1 (>20.0) 1.5 5.9 4.6 5.7
2 (>20.0) 5.1 (13.0) 9.1 2.5
3 (>20.0) 4.5 (11.2) 5.0 4.6
4 (>20.0) 5.1 4.1 3.1 5.6

() - Indicates Unacceptable Test Result

helped significantly, regardless of moisture. The improvement did
not continue as water was added. We still recommend using water
when adding lime to facilitate the mixing.

COMPACTION METHODS
Field Versus Laboratory Compaction

Seven projects were selected for comparison of test results between
field- and laboratory-compacted samples (8). Samples of loose mix
were taken behind the paver and compacted in the laboratory to the
same density as in the field project. The laboratory samples were
compacted ‘with the French plate compactor (pneumatic tire) and
linear kneading compactor (steel wheel). Field-compacted samples
were sawn from the pavement.

The comparison of test results from the Hamburg wheel-tracking
device is shown in Table 11. Samples compacted with the linear
kneading compactor gave slightly better results than samples com-
pacted with the French plate compactor. In general, the samples
compacted by two different methods in the laboratory performed
similarly.

The field-compacted samples performed significantly worse than
the laboratory-compacted samples. This might have been caused by

either the additional short-term aging received by the laboratory-

" compacted samples or the-difference in field and laboratory com-

paction temperatures.

The loose mix used to perform laboratory compaction had to be
reheated to achieve compaction temperature. The additional heat-
ing increased the short-term aging. Additionally, the loose mix
compacted in the laboratory achieved density at a much higher
temperature than the field-compacted samples.

Compaction Temperature

A study was performed to investigate the influence of compaction
temperature on results from the Hamburg wheel-tracking device
(7). Samples of loose HMA were compacted in the laboratory at
four different temperatures. All samples were compacted to the
same percent of air voids. The results are shown in Table 12. When
compaction was achieved at higher temperatures, the test results
improved.

The unacceptable results at low temperatures can be explained by
the following reasons: (a) aggregates break, (b) microcracks
develop in the HMA, or (c) the air voids might be interconnected
and not be small and dispersed. Any of these reasons or combina-
tion of reasons might explain the importance of achieving the
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TABLE 11 Differences in Stripping Inflection Point (Passes) for Field- and Laboratory-

Compacted Samples

French vs.

French vs.

Kneading vs.

Site Kneading Field Field
1 -2,300 3,600 5,900
2 -1,900 4,400 6,300
3 0 5,400 5,400
4 -2,600 2,600 5,200
5 0 1,500 1,500
6 0 0 0
7 0 6,800 6,800

Avg. -970 3,470 4,440

Negative numbers indicate a stripping inflection point
was higher in the second sample of the comparison.

required compaction in the field at the highest possible temperature.
Short-term aging might also be a factor.

DEMONSTRATION PROJECTS
1-70 at Silverthorne

A very large project was undertaken in the fall of 1992 and summer
of 1993. After a severe winter in 1992, the pavement exhibited signs
of moisture damage. The Hamburg wheel-tracking device was used
to improve the quality of the HMA placed in 1993 (9). The cost of
the improvements was approximately $1.00/ton of HMA.

Two improvements were made. First, the asphalt content was
increased from 5.3 percent to 5.7 percent to provide better durabil-
ity. The increased asphalt content did not create rutting from per-
manent deformation in the Hamburg wheel-tracking device. Sec-
ond, the crude oil source used for the project was changed. With a
combination of these two changes, the results from the Hamburg
wheel-tracking device improved dramatically. All of the aggregates
were tested and found to have excellent quality; no aggregate
changes were made.

I-25 at Longmont

This project was bid using the test results from the Hamburg
wheel-tracking device as an incentive payment. If the HMA
produced from the plant passed the Hamburg wheel-tracking test,
an incentive of -$1.50/ton of HMA would be awarded to the
contractor. There were no provisions for disincentives for failing

.tests.

The contractor who was awarded the project typically used a nat-
ural sand that was not plastic but had an unacceptable methylene
blue value. The contractor’s typical mix did not pass the Hamburg
wheel-tracking device specification. For this project, the contractor

'bid included an HMA that used a washed concrete sand in place of

the “dirty” natural sand.
The first two samples represented 10,000 tons and passed the 10-
mm specification. The contractor was awarded a bonus on this

.material. The final three samples failed miserably. Unfortunately,

the quality control was very poor, and the contractor was shut down
over 10 times and required to take corrective actions. Although the
material had the potential to pass the test, a lack of a consistent and
successful quality control was probably the cause of the failing
tests.

TABLE 12 Deformation (mm) After 20,000 Passes for Samples Compacted at Various

Temperatures !
Deformation (mm) After 20,000 Passes
Compaction Temperature (°C)

Mix 66 93 121 149

1 (>20.0) 7.9 7.0 1.4

2 (>20.0) (13.9) (11.4) 2.3

3 (>20.0) (>20.0) - 9.2 2.5

4 (>20.0) 8.6 10.0 2.3

() - Indicates Unacceptable Test Result
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CONCLUSIONS

1. The Hamburg wheel-tracking device has the potential to dis-
criminate between pavements with known field stripping perfor-
mance and several levels of severity of moisture distress.

2. Results from the Hamburg wheel-tracking device are sensitive
to aggregate properties that include clay content, high dust-to-
asphalt ratios, and dust coating on the aggregates. The aggregate
quality is important to obtain passing results.

3. When using one testing temperature and increasing the asphalt
cement stiffness, the stripping inflection point occurred at a larger
number of passes. When using one grade of asphalt cement and
decreasing the testing temperature, the stripping inflection point
occurred at a larger number of passes. Moisture resistance improved
as asphalt cement stiffness increased.

The recommended tésting temperatures for the Hamburg
wheel-tracking device should be selected based on the high-
temperature environment the pavement will experience as shown
in Table 5. .

4. Results from the Hamburg wheel-tracking device are sensitive
to the amount of short-term aging. As short-term aging time
increases, samples become more resistant to moisture damage.

5. The results from the Hamburg wheel-tracking device are sen-
sitive to the refining process and crude oil source. Not all AC-10 or
PG 58-22 grading asphalt cements have the same adhesion prop-
erties. ’

6. Liquid antistripping additives improved the results from the
Hamburg wheel-tracking device with some aggregates but did not
improve the results with other aggregates. Hydrated lime improved
the test results with all of the mixes tested.

When dry lime was added to dry aggregate and thoroughly
mixed, there was a dramatic improvement in the results from the
Hamburg wheel-tracking device with all aggregates. Just the pres-
ence of lime helped significantly, regardless of moisture. We still
recommend using water when adding lime to facilitate the field
mixing. However, additional studies should be performed to exam-
ine dry mixing.

7. Samples compacted in the laboratory with the linear kneading
compactor (steel wheel) gave slightly better results than samples
compacted with the French plate compactor (pneumatic tire). In
general, the laboratory-compacted samples performed similarly.
The field-compacted samples did significantly worse than the
laboratory-compacted samples.

8. When the target density was achieved at higher temperatures,
the test results from the Hamburg wheel-tracking device improved.

9. Results from the Hamburg wheel-tracking device have been
used successfully on two field projects. At Silverthorne, two
adjustments were made to improve an existing HMA. At Long-
mont, an incentive payment was used to allow an improved qual-
ity of aggregate to be used in the HMA from the beginning of the
project. :

10. The short-term aging of laboratory-prepared samples to
match the short-term aging in the field needs to be defined. A future
research study should investigate short-term aging.
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Development and Use of Georgia Loaded

Wheel Tester

RoNALD CoLLINS, DONALD WATSON, AND BRUCE CAMPBELL

The Georgia Department of Transportation began development of a
loaded wheel tester (LWT) in 1985 to better evaluate the rutting sus-
ceptibility of asphaltic concrete mixes. It has been believed throughout
the industry for some time that Marshall stability tests are inadequate to
accurately predict rutting potential of various mixes. With the Georgia
LWT, the susceptibility of a mixture to rut can be determined in the lab-
oratory during the design stage, and modifications to the design can be
made at that time if needed. The machine can be adjusted for various
weight, air pressure, and temperature conditions to simulate and test for
performance under the actual field environment. The machine has been
made to be a completely portable, self-contained unit with its own envi-
ronmental heating chamber. Several research projects have been con-
ducted with the Georgia LWT in order to evaluate the effect on perfor-
mance of aggregate gradation, tire pressure, vehicle loading, and
pavement temperature. Testing has been done on specialized mixes
such as stone matrix asphalt, which shows that these mixtures are more
resistant to rutting than conventional mixes even though Marshall sta-
bility test values may be lower. Asphalt mixtures produced under the
Strategic Highway Research Program Level I and II volumetric design
methods may still be prone.to rutting. The Georgia LWT is an eco-
nomical tool that can be used as a “proof tester” for properly evaluating
the rutting resistance of these mixtures before they are placed on the
roadway.

The Georgia loaded wheel tester (LWT) is a valuable tool that has
been used by the Georgia Department of Transportation (GDOT) to
assess the rutting potential of asphaltic concrete mixes. By subject-
ing asphaltic concrete to a loaded wheel system under repetitive
loading conditions and measuring the permanent deformation
induced under the wheelpath, the rutting susceptibility of the
asphaltic concrete to be used in the field may be determined. This
approach to assessing rutting susceptibility was thought to be much
more representative of actual field conditions than the Marshall sta-
bility test currently used throughout much of the industry. In view
of the complexity of the material behavior and the stress induced by
traffic loading, the use of loaded wheel type testing can provide a
fast and accurate means of simulating rutting at the design stage of
the mix rather than waiting until the mix is in place to discover that
it has a high potential for rutting.

LWT DEVELOPMENTAL RESEARCH

In order for GDOT to perform LWT research, a machine was
needed. When GDOT began considering this approach in 1985, no
machine was commercially available, so the Georgia Institute of

Georgia Department of Transportation, 15 Kennedy Drive, Forest Park, Ga.
30050.

Technology (Atlanta, Ga.) was contracted by GDOT to develop a
LWT that would meet our needs.

Preliminary developmental work by Georgia Tech consisted of
literature searches through the Highway Research Information Sys-
tem and draft designs. GDOT had a machine that met the base
design criteria specified by Georgia Tech. This machine was previ-
ously used by GDOT for design and testing of slurry seals and was
originally developed by C.R. Benedict of Benedict Slurry Seals,
Inc. (Alpha, Ohio). Minor modifications to the base machine would
enable Georgia Tech to perform loaded wheel research.

GDOT initiated research project No. 8503, Development of a
Simplified Test Method to Predict Rutting Characteristics of
Asphalt Mixes (1). The objectives of that study were to: (a) develop
a simplified rut prediction test apparatus, (b) evaluate the rut pre-
diction capability of the apparatus from the test results, and (c) com-
pare the results obtained from the tests with those from creep tests
and repeated load triaxial tests to evaluate rut predicting capability
of the test method as compared with the other methods.

The first objective was accomplished by performing four specific
tasks. All tasks involved making modifications to the base machine.
First, a simple and effective means had to be devised for heating and
maintaining a constant temperature in the asphaltic concrete speci-
mens throughout the test period. After these modifications were
made, the modified LWT was installed in an airtight room.

This airtight room was thermostatically controlled and heated to
35°C (95°F) with a maximum fluctuation of *1.1°C (2°F). Geor-
gia’s mean summer temperature (hottest days) was 35°C (95°F),
thus this temperature was chosen as the testing temperature.

The hard rubber wheel that was on the original machine was
replaced with a 76-mm (3-in.) diameter aluminum wheel and a lin-
ear tube made of high-pressure rubber to which pressure ranging
from 482 kPa (70 psi) to 827 kPa (120 psi) could be applied and
controlled. The linear tube was placed stationary on top of the
asphaltic concrete specimen and inflated to the desired préssure.
Both ends of the tube were held in position with end clamps, which
prevented the horizontal movement of the linear tube while allow-
ing vertical flexibility. The aluminum wheel was attached to the
reciprocating arm of the machine.

The next step involved developing a suitable means of holding
the 76 mm x 76 mm x 381 mm (3 in. x 3 in. x 15 in.) beam sample.
This specimen size was chosen because the maximum aggregate
size used in Georgia asphaltic concrete mixes is slightly less than
38 mm (1!'/2 in.) and there was a need to adhere to the principle that
the mixture thickness should be approximately twice that of the
largest stone size in the mix. The kneading compactor to be used
was already equipped for this size sample mold, and sample molds
were also available that were this size. Beams to be tested were kept
on flat steel plates in the test room for 24 hr at 35°C (95°F) for pre-
conditioning.
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- A curing and testing temperature of 35°C (95°F) was chosen to
simulate the mean summertime temperature in Georgia. (Beams
were initially cured at room temperature for 14 days before place-
ment in the airtight room.) After the 24-hr period, the beams were
transferred to the testing machine for testing.

Finally, GDOT needed to develop an easy and accurate means by
which to measure the rutting profile on the specimens. A measuring
channel was machined that would fit over the specimen so that a dial
gauge could be used to measure the rutting profile.

The modifications proposed in this study were intended to pro-
duce a simplified apparatus to achieve easy and yet accurate pre-
dictions of rutting tendency of asphalt mixes.

Because the primary aim of this research was to evaluate the
modified LWTs capability in predicting rutting tendencies of
asphalt mixes, the initial testing was concentrated on only a few
variables that were thought to be significant to potential rut devel-
opment. These variables were tire pressure, testing temperature,
and load.

These variables were controlled as follows:

o Tire pressure: 517 kPa (75 psi) and 689 kPa (100 psi)

¢ Temperature: 35°C (95°F)

o Load: 22.7 kg, 34 kg, and 45.4 kg (50 b, 75 1b, and 100 1b,
respectively)

During the test, rutting profiles of the beam were measured at pre-
determined numbers of repetition, such as 0, 40, 100, 400, 1000, and
4000 cycles. Results from the tests were then used to determine if
the modified LWT was capable of predicting the rutting potential of
asphalt mixtures.

Creep tests and repeated load triaxial tests have been shown to be
capable of assessing the rutting potential of asphalt mixtures. These
tests were performed in this study so that a comparison could be
made between the results obtained from the use of the modified
LWT and the results of these two tests.

Based on the characteristics of the results from the LWT tests
and creep tests and the repeated load triaxial tests, the LWT test
results seemed to produce results more in line with the rutting char-
acteristics experienced on asphalt pavements. Originally, four
mixes were chosen for this study with each mix exhibiting differ-
ent degrees of rutting tendency in four different projects. Compar-
ison between the field rutting characteristics and the magnitude of
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rutting from LWT tests of each mix provided a means to assess the
applicability of the LWT tests in predicting the rutting potential of
asphalt mixes. Unfortunately, there were many variables that hin-
dered this effort. The differences in volumetric properties and Mar-
shall stability and flow test results for the projects (Table 1), as well
as other variables such as differences in the field compaction
efforts and subsequent traffic conditions, were some of the vari-
ables that may have contributed to the differences in rutting char-
acteristics of the four mixes in this study. Therefore, attempts to
draw a conclusion on the correlation, if any, and the validity of the
correlation among these four mixes in terms of the rutting observed
in the field versus that from the LWT tests should be made with
great caution.

In comparing the LWT with the quasi-static creep test and the
repeated load triaxial test, the sample preparation and the testing for
the creep test were easier to perform, whereas the repeated triaxial
test was more difficult to perform. Unlike the modified LWT, which
used a relatively simple loading system and deformation measuring
device, the loading system and the deformation measuring device
for the repeated triaxial load test used in this study were compara-
tively more complex.

FORMAL RESEARCH STUDIES

In July 1986, research project No. 8609, Evaluation of Rutting
Characteristics of Asphalt Mixes Using Loaded Wheel Tester (2),
was conducted by Georgia Tech for GDOT. The purposes of this
study were to assess the rutting potential of six GDOT intermediate
(B) type mixes and to evaluate the rutting resistance of six different
modified mixes. These six mixes contained materials such as min-
eral fillers from Georgia Marble (Tate, Ga.), Trenton Sand Co.
(Trenton, Ga.), and Sylacauga Sand (Sylacauga, Ala.). A polymer-
modified asphalt cement using Kraton polymer and one handmade
blend gradation to manuaily increase the percent of —300 pm (No.
50)-size particles were used to evaluate the importance of fine
aggregate in the 300-um (No. 50) sieve size range. The handmade

- gradation provided a straighter line blend between the 1.18-mm

(No. 16) to 150-um (No. 100) sieve sizes when plotted on the 0.45
power gradation chart.

GDOT found that incorporating the mineral filler from Georgia
Marble Co., which has low fineness modulus and angular particle

TABLE 1 Comparison of Marshall Stability Test Results

Stability Flow % Air
Project % AC N (Ibs.) mm  (0lin) Voids % VMA
IR-20(62) - 6.0 8541 f1920) 3.8 (15.0) 2.89 15.13
MPC-401(73) 5.0 5262 (1 183) 2.5 9.7 5.31 15.23
MPC-403(35) 6.2 6032  (1356) 43 a7.n 4.12 16.70
Lot 18
MPC-403(35) 53 9181  (2064) - 14.10

Lot 26

5.1 (19.9) 2.80
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shape, into asphalt mixes improves the rutting resistance of the
asphalt mixes (Table 2). It is worth noting that the Marshall stabil-
ity test values of the mixes modified with 3 percent and 5 percent
of this type of filler were actually lower than that of the corre-
sponding standard mixes. Also, the benefit of using the handmade
mixes over the standard mixes in improving rutting is significant
(Table 3). This indicates the importance of the amount of material
passing the 300-um (No. 50) sieve and 150-pm (No. 100) sieve in
the mix. The Marshall stability test values for the handmade mixes
were lower than that of standard mixes. This reinforces the idea
that Marshall stability test alone is inadequate to predict rutting
potential of mixes.

As a result of this study, Georgia added specification require-

~ments in January of 1987 for the No. 50 sieve into its current gra-
dation specification requirements for all mixes.

Research Project No. 8706, Evaluation of the Effect of Gradation
of Aggregate on Rutting Characteristics of Asphalt Mixes (3), was
performed in early 1987. In this study, the effects of mix gradations
on the rutting resistance was evaluated. Six mix gradations with
aggregate top sizes ranging from 19 mm to 38 mm (4 in. to 1'/2in.,
respectively) were used. Also, these mix designs had amounts pass-
ing the 2.36-mm (No. 8) sieve ranging from 22 percent to 38 percent.

Results obtained from this study indicated that the modified inter-

TABLE 2 Comparison of Rutting Resistance of Mixes Containing
3 Percent and 5 Percent Mineral Filler (Georgia Marble) Versus
Standard Mix

Mix Rut Depth
Type @ 2000 Cycles
mm (in.)

FS : 2.46 (0.097)
F3M . 226 (0.089)
F5M 2.08 (0.082)
DS 231 (0.091)
D3M 2.13 (0.084)
D5M 2.11 (0.083)
CS 2.41 1 (0.095)
C3M 2.41 (0.095)
C5M 2.08 (0.082)

F = Limestone from Vulcan Materials at Fairmount, Georgia

D = Limestone from Vulcan Materials at Dalton, Georgia

C = Limestone from Vulcan Materials at Chattanooga, Tennessee
S = Standard or Control Mix

3M = Mixture with 3% Mineral Filler

SM = Mixture with 5% Mineral Filler
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mediate coarse mix with a 19 mm (3% in.) top size and 30 percent

_passing the 2.36-mm (No. 8) sieve substantially improved the rut-

ting resistance when compared with the standard intermediate mix.
This study also demonstrated that other aggregate characteristics
such as angularity or surface texture were just as important, or more
so,-as gradation in reducing rutting potential. )

GDOT was convinced that the LWT would be beneficial in
assessing the rutting susceptibility of asphalt mixes, but the
machine was not a portable, self-contained unit. GDOT Research
Project No. 8717, Development of a Laboratory Rutting Resistance
Testing Method for Asphalt Mixes (4), was implemented in late
1987 to address this concern.

The objective of this study was to modify and improve the
machine and the sample preparation method and to develop a test-
ing procedure for using this machine. Improvements and modifica-
tions made to the LWT included the development of an environ-
mental chamber to house the machine and to maintain a constant
elevated temperature during testing. Heat strips inside the environ-
mental chamber were used to elevate the temperature.

Modifications also included the development of a preheating box
for preconditioning the test sample to the prescribed elevated tem-
perature. Other minor modifications and improvements were made
for the control and operation of the testing machine.

GDOT implemented LWT testing on a routine basis for the inter-
state projects and major state routes immediately. GDOT’s experi-
ences with the LWT allowed us to develop GDT-115, Method of
Test for Determining Rutting Susceptibility Using the Loaded
Wheel Tester. This method (implemented in 1989) defines the beam
preparation procedure, beam testing procedure, and maximum rut
depth allowable.

IN-HOUSE LWT STUDIES

Several “in-house” studies were performed by GDOT from 1987
to 1993. After careful consideration of in-place pavement temper-
atures during warm summer months, the testing temperature was
increased to 40.6°C (105°F) before creating a data base. The 45.4-
kg (100-1b) load and 689-kPa (100-psi) hose pressure exerts
approximately 689 kPa (100 psi) of contact pressure on the sam-
ple. Also, in 1993, GDOT received a triple-track wheel tester
developed by Georgia Tech. The in-house studies performed. by
GDOT were:

e Effects of increased temperature, load, and grade of asphalt
cements on LWT Specimens (SP 92001)

e Comparison of AC-20s and 30s typically used in Georgia

e Stone matrix asphalt versus conventional mixes

e Crumb rubber versus conventional mixes

EFFECTS OF INCREASED TEMPERATURE,
LOAD, AND GRADE OF ASPHALT CEMENTS ON
LWT SPECIMENS

GDOT realized that in previous studies the effects of testing tem-
peratures greater than 40.6°C (105°F) and hose pressures greater
than 689 kPa (100 psi) had not been adequately researched, nor had
the performance differences in asphalt cement grades (AC-10, AC-
20, AC-30). So GDOT performed a research study in which the ele-
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TABLE 3  Effects of Handmade Gradation on Rutting

Mix Ruth Depth Marshall
Type @ 2000 Cycles Stability
mm (in.) N (Ibs.)
FS 2.46 (0.097) 11076 (2490)
FHM 1.83 (0.072) 9386 (2110)
DS 2.31 (0.091) 9074 (2040)
DHM 1.93 (0.076) 8674 (1950)
CS 241 (0.095) 8985 (2020)
CHM 2.26 (0.089) 8185 (1840)

HM = Handmade gradation

vated temperature, increased load, and different grades of asphalt
cement were evaluated. It was concluded from this study that vary-
ing the hose pressure, temperature, and grades of asphalt cement

susceptibility and results of other physical characteristics, GDOT
ranked these asphalt cements as follows:

yielded significant differences in rut depth. Rank Code
The LWT showed that AC-20 is much more sensitive to temper- 1 B
ature variations than AC-30 (Table 4). AC-20 Specimens were 2 E
tested for an average of 4046 cycles at 48.9°C at 689 kPa (120°F at 3 c
. . . . . . 4 A
100 psi). Testing of these samples was discontinued at this point 5 D
because of excessive rutting. The rut depth was theoretically pro- 6 F

jected to 8000 cycles for comparison purposes. The average rut
depth for AC-20 increased by 19 mm (0.753 in.) once the tempera-
ture was increased to 48.9°C (320°F) as compared with an increase
of only 7.6 mm (0.298 in.) for AC-30. AC-10 is not used in Geor-
gia as a hot-mix paving grade, and its use in this study was canceled
because of its excessive rutting under standard conditions. There-
fore, temperature change has the most pronounced effect on rut
depth as determined by the conditions used in this study.

In comparison, if the temperature remained constant at 40.6°C

(105°F) and the hose pressure was increased from 689 to 827 kPa

(100 to 120 psi), the rut depth only increased by 7.90 mm (0.311 in.)
for AC-20 and 2.57 mm (0.101 in.) for AC-30 (Table 5). This
showed that increases in tire pressure have a direct effect on pave-
ment rutting but not nearly as much as increases in pavement
temperatures.

GDOT arranged with the National Center for Asphalt Technology
(NCAT) at Auburn University to perform Strategic Highway
Research Program (SHRP) binder testing on these asphalt cements.
NCAT was chosen because of its proximity to GDOT’s Forest Park
Laboratory. NCAT concluded that all six asphalts complied with
the requirements for SHRP 64-22 specifications. The RTFOT
results were related more to rutting resistance than the other test
conditions because this represents asphalt cement as it comes out of
the asphalt plant. Also, dynamic shear numbers greater than 2.2 kPa
indicate greater elasticity.

Rolling Thin-Film Oven Test

Rank Dynamic Shear
COMPARISON OF ASPHALT CEMENTS 1 B
TYPICALLY USED IN GEORGIA g g
. 4 F
GDOT conducted a study in which different asphalt cements typi- 5 A
cally used in Georgia were evaluated. The objective of this study 6 D

was to evaluate the contribution of AC to rutting resistance of a mix.
LWT results were used for each asphalt cement and compared to
determine which source of materials yields the most favorable
results to rut resistance.

Loaded wheel testing by GDOT of these six asphalt cements was
performed at both 40.6°C (105°F) and 48.9°C (120°F). Based on rut

The AC-30’s all performed better than the AC-20’s in this study.
Loaded wheel test and NCAT results both agreed that asphalt “B”
was the most desirable asphalt cement. This is :inother indication
that the LWT is capable of assessing the rut susceptibility of asphalt
mixes.
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TABLE 4 Effects of Temperature Change on Rut Depth

Projected
Grade of Test No. of Cycles Rut Depth
AC Conditions Tested @ 8000 Cycles
mm (in.)

. 40.6°C/689 kPa

AC-30 (105°F/100 PSI) 8000 3.33 0.131)
48.9°C/689 kPa :

AC-30 (120°F/100 PSI) 8000 10.90 (0.429)
40.6°C/689 kPa

AC-20 (105°F/100 PSI) 8000 4.01 (0.158)
48.9°C/689 kPa

AC-20 (120°F/100 PSI) 4046 23.14 (0.911)

STONE MATRIX ASPHALT MIXES

In 1990, GDOT started experimentation with stone matrix asphalt
(SMA) mixes. SMA was developed in Europe during the early
1960s. It has a high coarse aggregate content that provides resis-
tance to deformation and efficient load distributions through stone-
to-stone contact. The voids in the aggregate structure are filled with
a voidless mastic composed of fine-graded, quality mineral filler
and crushed fine aggregate. The SMA mix utilizes a high-asphalt
cement content that requires the use of stabilizing additives such as
polymers or fibers to keep the thick asphalt films from draining off
the aggregate during mixing and handling. LWT results on the SMA
mix cores versus the conventional mix cores from a test section on
I-85 were very distinguishing. All SMA mixes had rut depths
approximately one-half that of the conventional mixes.

CRUMB RUBBER

Georgia has also performed research on crumb rubber mixes
versus standard mixes. A test section was placed on I-75 in
Henry County that contained 6 percent crumb rubber by weight of
the AC. The wet process was used to blend —180-um (No. 80)
mesh rubber with an AC-20 asphalt cement. The crumb rubber

designs were more rut resistant as compared with the standard
mixes. Laboratory designs showed the crumb rubber to rut one-half
as much as the standard mixes —1.37 mm versus 2.64 mm (0.054
in. versus 0.104 in., respectively). Field verification of designs dif-
fered slightly for the crumb rubber. The average rut depth for
beams fabricated from plant mix was 2.21 mm (0.087 in.) for the
rubber and 2.62 mm (0.103 in.) for the standard mix. Average rut
depths for beams cut from cores were 2.31 mm (0.091 in.) for
the mix containing rubber and 2.41 mm (0.095 in.) for the stan-

- dard mix.

OTHER RESEARCH

Research studies were conducted in which the LWT was used to
compare different mix types and modified mixes that were being
evaluated in the field. One such project was on I-75 in Whitfield
County, Georgia. A test section was placed on the roadway that con-
tained four polymer-modified asphalt cements. The performance of
each section was compared with the standard mix. LWT results
indicated that each modified mix would be less susceptible to rut-
ting as compared with a standard mix.

GDOT has also worked with the FHWA to develop and improve
the LWT. FHWA was interested in the LWT as a economical

TABLE 5 Effects of Pressure Changes on Rut Depth

Projected
Grade of Test No. of Cycles Rut Depth
AC Conditions Tested @ 8000 Cycles
mm (in.)

40.6°C/689 kPa

AC-30 (105°F/100 PSI) 8000. 5.89 (0.232)
40.6°C/827 kPa

AC-30 (105°F/120 PSI) 8000 3.33 (0.131)
40.6°C/685 kPa

AC-20 (105°F/100 PSI) 8000 4.01 (0.158)
40.6°C/827 kPa )

AC-20 (105°F/120 PSI) 6530 11.91 (0.469)
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proof tester of asphaltic concrete mixes. In order to obtain a thor-
ough unbiased assessment of the machine, the FHWA set aside
funding for round-robin testing so that other states could evaluate
the LWT.

Six states participated in this evaluation. At the end of the evalu-
ation, a.technical working group comprised of these states met in
Georgia to discuss their findings.

One of the state agencies involved in this evaluation, the Florida
Department of Transportation, compared the LWT with: (a) actual
field performance, (b) gyratory shear, and (¢) Marshall stability test.
The LWT results were comparable with the actual field perfor-
mance and the gyratory shear.

Overall results from this limited scope round-robin test program
showed that reasonable consistency of rut-depth results from the
LWT was achieved by each participating laboratory. The within-
laboratory repeatability coefficient of variation was 12.7 percent.
The between-laboratory variability of rut-depth results was quite
high, primarily because of large variation of asphalt beam densities
between laboratories. .

FHWA has developed an expert task group to evaluate the
performance of the LWT as an indicator of rut susceptibility.
More research is currently being conducted so that more agencies
can participate. Eleven agencies are now involved in this
study. The round-robin testing will be conducted in two phases.
Phase 1 of the program will evaluate the applicability of the
LWT only, whereas Phase II of the program will evaluate
the applicability of the rolling compactor machine together with
the LWT.

TRIPLE-TRACK TESTER

GDOT now has a triple-track wheel tester that was built by
Georgia Tech. It has the capability of testing three samples
simultaneously. GDOT needed a machine with three sample
testing capabilities so that production could be increased and
more than one sample of a given design could be tested at
one time.

Also, the sample size has been increased to 127 mm (5 in.) wide
to better accommodate testing of coarse mixtures. It was also felt
for a long time that a specimen 76 mm (3 in.) wide may not be ade-
quate for base mixes with 38 mm (1'/2 in.) or larger nominal top
sizes. This machine compared identically with the single-track
machine.
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CONCLUSIONS

GDOT has been working with the LWT for several years and a lot
of time, effort, and confidence has been put into this machine as an
indicator of mixture rutting susceptibility.

During this 7-year period, GDOT has found that the LWT has
several benefits. The first benefit is that it’s a proof tester. Asphalt
mix can be evaluated in the laboratory instead of under traffic,
which allows pavement performance to be predicted and problem
mixes identified before being placed in the field. '

Another benefit of the LWT is that it can be used as a supplement
to SHRP testing. SHRP Level 1 mix designs have no strength test
requirements other than for moisture susceptibility testing, and the
LWT may be used to proof test these designs.

Also, SHRP mix design criteria identify a forbidden zone through
which mix gradations should not pass. This forbidden, or restrictive,
zone needs additional study because it is not applicable in all situa-
tions. For example, the handmade gradation that was mentioned
earlier passes through this zone, but the LWT showed this type of
mix to have a low susceptibility to rutting.

The Georgia LWT is also economically feasible. The single-track
machine may be purchased from Benedict Slurry Seal for approxi-
mately $11,000, not including compactor. The Georgia triple-track
machine is being sold by Georgia Tech at a cost of approximately
$35,000, including compactor. The French wheel tracker and com-
pactor costs approximately $200,000.

The LWT can give an indication of the rut susceptibility of a mix
for a relatively low cost. It can be used in conjunction with the
SHRP mix design specification criteria and as a proof tester will be
a good supplement to SHRP Superpave mix designs.
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‘

Evaluation of Stone-on-Stone Contact in

Stone-Matrix Asphalt

E. R. BROWN AND RAJiB BASU MALLICK

The presence of stone-on-stone contact and a relatively low percentage
of fine aggregate are two characteristics of stone-matrix asphalt(SMA).
Although it is known that the stone skeleton in SMA is primarily
responsible for its high rutting resistance, a method to quantitatively
determine stone-on-stone contact has not been used in the United
States. A simple laboratory method was developed to determine stone-
on-stone contact in SMA with conventional hot-mix asphalt parameters
such as voids in mineral aggregate, voids in coarse aggregate, and dry-
rodded weight of coarse aggregate. Tests were conducted to evaluate
the effect of percent passing the 4.75-mm sieve on the susceptibility
of mix stability to change in void content. It was observed that mixes
with a low percent passing the 4.75-mm sieve were less sensitive
to low air void contents. Mixtures with a low percent passing the 4.75-
mm (No. 4) sieve (30 percent or less) tended to have stone-on-stone
contact.

Stone-matrix asphalt (SMA) has proven to be a rut-resistant and
cost-effective surface layer material in Europe for more than 20
years. A number of SMA projects have been constructed in the
United States since 1991 to evaluate its performance, and these pro-
jects will continue to be monitored for several years. Unlike con-
ventional hot-mix asphalt (HMA), SMA mixtures are characterized
as stone-on-stone contact (/). SMA derives its strength primarily
from the stone-on-stone skeleton developed in the mix (2—4). The
stone-on-stone skeleton is shown schematically in Figure 1, which
also shows the coarse aggregate contact for an SMA gradation and
the less coarse aggregate contact for a dense-graded mixture.
Though there has been much discussion about SMA mixtures hav-
ing stone-on-stone contact, a method needs to be selected to actu-
ally determine quantitatively whether stone-on-stone contact exists.
(5). Also, because performance of SMA has been shown to be sig-
nificantly affected by aggregate gradation (6), there is a need to
evaluate the effect of percent passing the 4.75-mm sieve on stabil-
ity of SMA mixes.

OBJECTIVE

The objectives of this study were to develop a method to measure
stone-on-stone contact in SMA mixes and to evaluate the effect of
stone-on-stone contact on the stability of mixes.

SCOPE

The results presented in this paper were obtained from two studies;
one was conducted to evaluate stone-on-stone contact in SMA

National Center for Asphalt Technology, Auburn University, Auburn, Ala.
36849.

(with gravel and limestone aggregates), and the other was con-
ducted to evaluate the effect of percent passing the 4.75-mm sieve
on stability of mixes (with limestone aggregates). To evaluate
stone-on-stone contact in SMA mixes, studies were carried out
with gravel and limestone aggregates and 0.3 percent European
cellulose fibers. Mixes were made by varying the percent of mate-
rials passing the 4.75-mm sieve, starting at 50 percent and going
down to 15 percent. Two types of void were plotted against percent
passing the 4.75-mm sieve: the void in mineral aggregates (VMA),
and the void in coarse aggregates (VCA). VCAs were calculated in
a way similar to VMAs by replacing percent of aggregates in the
mix with percent of coarse aggregates in the calculation. The
curves for VMA and VCA versus percent passing the 4.75-mm
sieve were compared with that for the VCA obtained from the dry-
rodded test of coarse aggregates to determine whether stone-on-
stone contact existed.

Marshall stability was measured for gravel and limestone mixes
(in the stone-on-stone contact study), and gyratory test properties
were measured for limestone mixes (in the evaluation of effect of
percent passing the 4.75-mm sieve). These properties were mea-
sured at different percents passing the 4.75-mm sieve and at differ-
ent asphalt (air void) contents. Comparisons of changes in stability
and gyratory properties with changes in air void content were made
for the different mixes.

TEST PLAN

To obtain optimum resistance to rutting, it is believed that stone-on-
stone contact in the coarse aggregate portion of the SMA mixture is
required. In the past, stone-on-stone contact has been very subjec-
tive and has only been evaluated by visual observation from cored
samples. There is a need to develop a method to quantify when
stone-on-stone contact occurs to ensure that it is sufficient to pro-
vide the desired properties. '

It was decided that stone-on-stone contact could be evaluated
from the VMA and VCA curves. Stone-on-stone contact is consid-
ered to begin at the point at which the VCA plot begins to curve as
the amount of material passing the 4.75-mm sieve is reduced. It also
is considered to begin at the point at which the VMA begins to
increase as the percent passing the 4.75-mm sieve is reduced. A
third measure of stone-on-stone contact is when the voids in the dry-
rodded condition are equal to or greater than the VCA in the SMA
mixture. :

Two types of aggregates, gravel and limestone, were used for this
study. Coarse and fine aggregates refer to materials retained on and
passing the 4.75-mm sieve, respectively. Mixes were produced with
various percents of material passing the 4.75-mm sieve: 50, 40, 30,
25, 20, and 15 percent. The gradations are shown in Table 1. The
binder used for the mixes was an AC-20 asphalt cement from
Chevron, Inc., U.S.A. (Mobile, Ala.).




Brown and Mallick 209

COARSE AGGREGATE FLOATING IN
FINE AGGREGATE MIXTURE

STONE-ON-STONE CONTACT

SMA

CONVENTIONAL HMA

FIGURE 1 Section showing difference in stone-on-stone contact between SMA
and conventional HMA.

TABLE 1 Gradation of Aggregates Samples were prepared using 0.3 percent cellulose fiber (a typi-
. - - cal cellulose made in Europe) and agricultural lime as the filler. Mix
Sieve Size Percent Passing designs were performed with the mechanical Marshall compactor
- MIX (50 blows) by preparing and compacting samples with asphalt con-
A B C D E E tent varied in 0.5 percent increments. Three samples were made for
each asphalt content. The optimum asphalt content was chosen as
12.5 mm (1/2 inch) 100 100 100 100 100 100 the asphalt content that produced 3.0 percent air voids. VMA and
9.50 mm (3/8 inch) 75 70 65 63 60 58 VCA were calculated for the compacted samples. VCA was calcu-
4.75 mm (No. 4) 50 40 30 25 20 15 lated by replacing percent of aggregates in the mix (used in VMA
2.36 mm (No. 8) 40 32 25 21 18 15 calculations) by percent of coarse aggregates in the calculations.
1.18 mm (No. 16) 34 28 2. 19 16 15 The equations used for calculating VMA and VCA were:

0.60mm (No.30) 30 25 20 18 IS IS

030mm (No.50) 22 19 17 16 15 14 Vige

150 pm (No. 100) 15 15 14 14 13 12 VMA = 100 — v (100)
75 m (No. 200) 100 100 100 100 100 100 T

V.
VCA = 100 = —2 (100)
LIMESTONE AGGREGATES USED IN GYRATORY TESTS Vr

where

Sieve Size Percent Passing
- — MIX Viee = volume of aggregate calculated using bulk specific

gravity,

A B = b E F Vr = total volume of compacted mixture, and

12.5 mm (1/2inch) 100 100 100 100 100 100 Vea = volume of coarse aggregate calculated using bulk specific
9.50 mm (3/8 inch) 8 8 78 77 74 72 - gravity.
4.75 mm (No. 4) SO 40 33 30 25 20
2.36 mm (No. §) 38 30 27 24 20 16 To measure the VCA with no fine aggregates, the coarse aggregate
1.18 mm (No. 16) 28 24 22 20 17 15 was placed in a container and dry rodded to maximum density in
0.60 mm (No. 30) 22 19 16 16 14 14 accordance with ASTM C29. The aggregates were rodded when the
0.30 mm (No. 50) 17 15 14 14 12 2 . container was one-third full, two-thirds full, and full. The VCA in

150 um (No. 100) 12 12 11 1l 11 11

the dry-rodded condition represents stone-on-stone contact. The
75 ym (No. 200) 100 100 100 100 100 100

VMA and VCA at the optimum asphalt content were then plotted

- — against the percent passing the 4.75-mm sieve and compared with
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the VCA for a mix without any fine aggregates. The point at which
the VCA in the mixture was equal to the VCA in the dry-rodded
condition was the point at which it was assumed that stone-on-stone
contact existed. Other measures of stone-on-stone contact were the
points at which the VMA curve starts upward as the percent pass-
ing the 4.75-mm sieve is reduced, and the point at which the VCA
curve began to flatten. A schematic of the test plan is shown in
Figures 2 and 3.

To observe the effects of reducing the percent passing the 4.75-
mm sieve, Marshall stability tests were conducted on the mixes
having different asphalt contents (voids). A different set of mixes
containing limestone aggregates were compacted in the Corps of
Engineers gyratory testing machine (GTM) at various asphalt
(air void) contents to observe the effect of percent passing the 4.75-

. mm sieve on the gyratory shear index (GSI) and the gyratory shear
(Sg). The gradations of the limestone aggregates are shown in
Table 1.

BATCH GRAVEL AND LIMESTONE
AGGREGATES TO PRODUCE
REQUIRED GRADATIONS
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TEST RESULTS AND ANALYSIS

The results of VMA and VCA measurements for different mixes are
shown in Tables 2 and 3. The variations of VMA and VCA with per-
cent passing the 4.75-mm sieve are shown in Figures 4 and 5 for
gravel and limestone, respectively. The VCA for the dry-rodded
weight is also shown as an indication of the point where stone-on-
stone contact begins to occur. For gravel, the VCA plot began to
curve at 30 percent, the VMA curve started to increase at 30 percent
(as the percent passing the 4.75-mm sieve was reduced), and the
VCA of mix crossed the VCA line (dry rodded) at 26 percent. For
gravel, the data show that stone-on-stone contact began at 26 to 30
percent passing the 4.75-mm sieve and was present for any percent
less than 26 to 30. For limestone, the VCA plot began to curve and
the VMA started to increase at 25 percent (as the percent passing
the 4.75-mm sieve was reduced), whereas the VCA curve of the
SMA mix crossed the VCA line (dry rodded) at 32 percent. For

-
-4

v

ADD 0.3 PERCENT EUROPEAN CELLULOSE
AND VARIOUS ASPHALT CONTENT

HAMMER

COMPACT MIXES WITH 50 BLOW MARSHALL

y

CHOOSE OPTIMUM ASPHALT CONTENT
FOR EACH GRADATION, CORRESPONDING
TO 3.0 PERCENT VOIDS IN TOTAL MIX

CONTENT

COMPACT SPECIMENS AT OPTIMUM ASPHALT

'

CALCULATE VMA, CALCULATE VCA

PREPARE DRY RODDED
COARSE AGGREGATES

[ CALCULATE VCA

PLOT VMA, VCA VERSUS PERCENT . !:COM:jPAREj
PASSING THE NO. 4 SIEVE :

l

DETERMINE PERCENT PASSING 4.75 MM
(NO. 4) SIEVE FOR STONE-ON-STONE CONTACT

FIGURE 2 Test plan for evaluation of stone-on-stone contact.
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MEASURE MARSHALL STABILITY

ON SPECIMENS FROM

MIXES WITH DIFFERENT PERCENTAGES
PASSING 4.75 MM (NO. 4) SIEVE AT
DIFFERENT ASPHALT CONTENTS
(FROM FIGURE 2A)

v

CALCULATE AIR VOIDS (VTM) OF MIXES
AT DIFFERENT ASPHALT CONTENTS
(FROM FIGURE 2A)

Y

PLOT MARSHALL STABILITY VERSUS

AIR VOIDS (VTM) FOR MIXES WITH
DIFFERENT PERCENTAGES PASSING 4.75 MM
(NO. 4) SIEVE

CALCULATE CHANGE IN MARSHALL STABILITY
PER UNIT CHANGE IN AIR VOIDS (VTM) FOR

4.7S MM (NO. 4) SIEVE, AND PLOT THE DATA

MIXES WITH DIFFERENT PERCENTAGES PASSING

'

DETERMINE SENSITIVITY OF STABILITY]
TO VOID CONTENT FOR THE VARIOUS
GRADATIONS

CALCULATE CHANGE IN GYRATORY
SHEAR PER UNIT CHANGE IN

AIR VOIDS (VTM) FOR MIXES WITH
DIFFERENT PERCENTAGES PASSING
4.75 MM (NO. 4) SIEVE
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BATCH LIMESTONE AGGREGATES
TO PRODUCE REQUIRED GRADATIONS

y

COMPACT MIX AT VARIOUS ASPHALT
CONTENTS WITH CORPS OF
ENGINEERS GYRATORY TESTING
MACHINE, AT 1 DEGREE ANGLE, 120
PSIPRESSURE, AND 300 REVOLUTIONS

v

MEASURE GYRATORY SHEAR

INDEX AND GYRATORY SHEAR

FOR EACH OF THE MIXES, AT DIFFERENT
ASPHALT CONTENTS

L]

CALCULATE AIR VOIDS (VTM) OF
MIXES AT DIFFERENT ASPHALT
CONTENTS

Yy
PLOT GYRATORY SHEAR INDEX
AND GYRATORY SHEAR VERSUS
AIR VOIDS (VTM) FOR MIXES
WITH DIFFERENT PERCENTAGES
PASSING 4.75 MM (NO. 4) SIEVE

!

CALCULATE CHANGE IN GYRATORY
SHEAR INDEX PER UNIT CHANGE IN
AIR VOIDS (VTM) FOR MIXES WITH
DIFFERENT PERCENTAGES PASSING
4.75 MM (NO. 4) SIEVE

!

DETERMINE SENSITIVITY OF

GYRATORY SHEAR INDEX AND GYRATORY
SHEAR TO DIFFERENT PERCENTAGES
PASSING THE 4.75 MM(NO. 4) SIEVE

FIGURE 3 Test plan for evaluation of effect of percent passing 4.75-mm (No. 4) sieve on mix stability.

limestone, stone-on-stone contact began at 25 to 32 percent passing
the 4.75-mm sieve.

The VMA content began to increase as the fine aggregate content
was reduced when stone-on-stone contact began. Once coarse
aggregate contact was made, a decrease in percent passing the 4.75-
mm sieve did not result in an equal decrease in the VCA, and thus
the VMA increased. From this point, removal of fine aggregates did
not contribute to further densification of the coarse aggregate por-
tion of the mix, and thus increased the VMA. Also, VCA in the dry-
rodded condition was near the VCA for 30 percent passing (26 for
gravel and 32 for limestone) the 4.75-mm sieve in both the mixes.
Thus for these two mixtures, it can be assumed that stone-on-stone
contact existed at less than 30 percent passing the 4.75-mm sieve
and did not exist at more than 30 percent passing the 4.75-mm sieve.

The dry-rodded test seems to be a good method to determine the
density of the coarse aggregate required for stone-on-stone contact.

This is a simple test that can readily be conducted in most laborato-
ries. It is believed that stone-on-stone contact occurs when the den-
sity of the coarse aggregate in the SMA mixture is equal to or higher
than that measured in the dry-rodded test. This is because irrespec-
tive of the amount of fines present in a mix, the density of the rigid
stone-on-stone skeleton should be approximately the same as that
achieved in the dry-rodded condition. When the VCA of the dry-
rodded aggregate and the density of the coarse aggregate in an SMA
mix are the same, it means that the coarse aggregate in the SMA mix
is at least as closely packed as that in the dry-rodded mix. Because
the VCA in the dry-rodded mix represents a stone-on-stone condi-

tion, it is concluded that a similar condition exists in the SMA mix.

This study identified three possible ways to ensure stone-on-
stone contact in the coarse aggregate portion of SMA mixtures. The
first way was to develop a plot of VCA versus percent passing the
4.75-mm sieve. In this series of tests, the percent passing the 4.75-
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TABLE 2 Summary of Volumetric and Marshall Stability Properties of Gravel Mixes

PERCENT PASSING ASPHALT TMD VTM VMA VCA MARSHALL

475 MM (NO. 4) CONTENT STABILITY (N)
SIEVE (%)
50 50 2435 34 140 570 12298
S5 2418 22 140 570 10,800
60 2400 17 146 573 8520
65 2384 14 154 577 7520
5.1 2431 29 138 569 -
40 S0 2435 36 142 485 10213
5.5 2418 22 140 484 9,524
60 2401 1.7 146 488 7,986
65 2384 12 153 492 7,035
52 2429 29 140 484 -
30 45 2449 51 146 402 10,169
50 2431 46 152 407 9213
S5 2414 33 152 406 7,453
60 2397 20 150 405 7924
S4 2418 28 144 401 -
25 57 2414 40 159 369 7,613
60 2404 27 154 366 7,369
65 238 22 161 371 7924
75 2353 16 176 382 7,251
59 2407 32 156 36.7 -
20 45 2446 75 169 335 7,582
50 2428 67 172 337 7,364
S5 2411 55 171 337 7422
60 2394 44 172 338 7,564
66 2374 39 181 344 -
15 60 2409 67 187 309 6,987
65 2392 58 189 31.1 6,489
70 2375 53 195 316 6213
75 2359 40 194 315 6,533
§0 2343 29 195 315 -
DRY RODDED COARSE - - - - 376 -

AGGREGATE

- DATA NOT AVAILABLE

mm sieve was decreased to a point at which the straight line rela-
tionship began to curve. This curve was caused by the development
of stone-on-stone contact, which prevented a closer packing of the
coarse aggregate as the amount of fine aggregate was reduced. This
occurred at approximately 30 percent passing the 4.75-mm sieve for
the two mixtures evaluated (Figures 4 and 5).

A second method that appeared to have some possibility of iden-
tifying the occurrence of stone-on-stone contact in the coarse aggre-
gate fraction is the VMA plot. These data can be generated at the
same time as the VCA data, so no extra testing is required. As the
percent passing the 4.75-mm sieve was decreased, the VMA plot
was essentially flat until stone-on-stone contact began to develop;
then the VMA began to increase. This increase in VMA resulted
because the coarse aggregate cannot be moved closer together with
a reduction in the percent of fine aggregate when stone-on-stone
contact exists. This method can be used to estimate the point at
which stone-on-stone contact occurs in a way similar way to the
VCA method. This method also shows that stone-on-stone contact
occurs at approximately 30 percent passing the 4.75-mm sieve.
Both of these methods require a significant amount of testing.

1 N=0225LBF

A third method used in this study to measure stone-on-stone con-
tact involved using the dry-rodded test for voids in coarse aggre-
gate. Only coarse aggregate is used in this test, and the dry-rodded
condition is a measure of stone-on-stone contact. As long as the
density of the coarse aggregate in an SMA mixture is equal to or
greater than the dry-rodded density, stone-on-stone contact should
exist. The compacted condition of the coarse aggregate can be quan-
tified by VCA or by the density of the coarse aggregate. This is a
very simple test that involves very little time. As shown in Figures
4 and 5, this method gives about the same results as the VCA and
VMA methods described previously. These methods of measuring
stone-on-stone contact seem promising, but more data need to be
generated, and other possible methods should be evaluated.

Effect of Percent Passing the 4.75-mm Sieve on
Mixture Stability

As stone-on-stone contact is gradually achieved in a mix, with a
decrease in percent passing the 4.75-mm sieve, the mix becomes
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TABLE 3 Summary of Volumetric and Marshall Stability Properties of Limestone Mixes

PERCENT PASSING ASPHALT TMD VIM VMA VCA

MARSHALL

475 MM (NO. 4)  CONTENT STABILITY (N)
SIEVE (%)
50 40 2640 43 136 568 14,156
45 2619 33 138 569 12,867
50 2588 19 140 570 10675
S5 2367 1.1 145 573 8511
46 2605 29 140 570 -
40 40 2640 48 140 484 -
45 2619 40 145 487 11,480
S0 2588 21 142 485 9702
48 2606 32 144 486 -
30 40 2629 53 148 404 9320
45 2608 41 149 404 8556
SO 2588 29 149 404 8013
49 2592 30 148 403 -
25 45 2619 S4 157 367 9614
50 2598-31 147 360 8924
55 2577 24 153 365 7711
20 40 2635 7.1 163 330 8502
45 2613 58 163 330 8298
SO’ 2592 43 160 328 7,787
5SS 2572 32 162 329 7542
56 2568 31 163 33 ;
15 50 2606 64 174 298 7,800
55 2585 51 174 298 7,689
60 2565 39 175 298 7.120
6.5 2545 33 180 303 7342
: 70 2525 24 183 305 -
DRY RODDED COARSE - - - - 422 -

AGGREGATE

- DATA NOT AVAILABLE

less sensitive to a change in air voids. The presence of fines in a mix
is similar to the presence of silt or clay in soil and results in a
buildup of pore pressure under loading at low void contents (near
saturation). However, in the case of stone-on-stone contact with a
smaller amount of fines, the mix behaves more like a free-draining
soil, having less pore-pressure effects. This causes the mix to be less
sensitive to a change in asphalt content, just as a soil that drains
freely is less sensitive to moisture content.

Marshall stability tests were conducted on the gravel and lime-
stone mixes at different asphalt (voids) contents to observe the
effect of percent passing the 4.75-mm sieve on the sensitivity of the
mixes. Although Marshall stability may not be a good indicator of
field stability, this test was chosen because it is a relatively simple
test with which to evaluate change in stability with change in
asphalt content (7). The results of the tests are summarized in Tables
2 and 3. Insufficient stability data were available for analysis of the
limestone aggregate for 25, 30, and 40 percent passing the 4.75-mm
sieve. Figures 6 and 7 show the effect of voids on Marshall stabil-
ity for the different mixes. Marshall stability was observed to
decrease significantly with a decrease in air void content for mixes
with 50, 40, and 30 percent passing the 4.75-mm sieve. Conversely,
stability remained almost constant with a change in air void content
for mixes with low percent passing the 4.75-mm sieve (20 and 25
percent). :

1 N =0.225 LBF

- The change in stability per unit change in voids was calculated
for the different mixes and plotted in Figure 8. The change in sta-
bility decreased with a decrease in percent passing the 4.75-mm
sieve, indicating that mixes become less sensitive to air void con-
tent at lower percents passing the 4.75-mm sieve. For gravel, the
change in stability per unit change in air voids decreased from 2300
N for 50 percent passing the 4.75-mm sieve to about 75 N for 25
percent passing the 4.75-mm sieve. Below 25 percent, the change
increased slightly but remained at about 150 N per percent voids at
both 20 and 15 percent passing the 4.75-mm sieve. For limestone,
the change was about 1700 N per percent voids at 50 percent pass-
ing the 4.75-mm sieve and decreased to about 200 N per percent
voids at 15 percent passing the 4.75-mm sieve. These data appear
to confirm that 30 percent passing the 4.75-mm sieve (the point at
which stone-on-stone contact occurs) is the point that separates
mixtures that are sensitive to changes in voids from mixtures that
are not.

GSI and Sg of Limestone Compacted in the GTM

Additional limestone mixes were compacted in the GTM at various
asphalt (void) contents. The compactions were performed at 120 psi
vertical pressure, 1 degree vertical angle, and 300 revolutions. Dur-
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FIGURE 6 Plot of Marshall stability versus air voids for different gravel mixes.
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FIGURE 8 Change in Marshall stability per unit change in air void for

different mixes.

ing compaction, two parameters were determined for each mix: GSI
and Sg.

The GSI is a measure of mixture stability and is related to per-
manent deformation (7). It is determined by dividing the highest
gyration angle by the initial angle. The gyration angle increases dur-
ing compaction for unstable mixtures because of plastic flow of the
HMA but does not increase significantly for stable mixtures. GSI
values close to 1.0 have been shown to be typical for stable mix-
tures, and values significantly above 1.1 usually indicate unstable
mixtures (7).

As the percent passing the 4.75-mm sieve is decreased, the coarse
aggregates start moving closer to each other. As observed from the
first phase of this study, stone-on-stone contact began to occur at 26
to 30 percent for gravel and at 25 to 32 percent for limestone. It was
expected that at percents below the point of stone-on-stone contact,
stability of mix would be less affected by air voids. GSI values for
the mixes with different percents passing the 4.75-mm sieve and at
different void contents are shown in Table 4. The results are plotted
in Figure 9. The mixes with low percents passing the 4.75-mm sieve
(20 and 25 percent) had GSI values very near 1 (around 1.05) at all
voids contents. Mixes with 50, 40, 35, and 30 percent passing the
4.75-mm sieve showed an increase in GSI with a decrease in void
content. This indicates that mixes with 30 percent and greater pass-
ing the 4.75-mm sieve became unstable at low void contents. Fig-
ure 11 shows the change in GSI values per unit change in void con-
tent. The change in GSI decreased when the percent passing the
4.75-mm sieve was decreased to 35 percent passing. The change
was about 0.11 per percent voids at 50 percent, increased to about

0.12 per percent voids at 40 percent, and dropped considerably to
about 0.01 per percent voids at 20 percent passing the 4.75-mm
sieve.

Sg is a measure of the shear strength of the mix during com-
paction. This strength, measured at a high temperature [149°C
(300°F)], is primarily a measure of aggregate properties because the
_viscosity of the asphalt is low and the mix has less cohesion (7). Sg
values of the limestone mixes with different void contents are
shown in Table 4. The results are plotted in Figure 10. The shear
values decreased with a decrease in a void content for the mixes
with 30, 35, 40, and 50 percent passing the 4.75-mm sieve. The Sg
values dropped below 200 kPa at 3 percent and lower voids for
mixes with 50 and 40 percent passing the 4.75-mm sieve. The
change, although present, was less in the case of mixes with 35 and
30 percent passing the 4.75-mm sieve. However, for the mixes with
low percent passing the 4.75-mm sieve (20 and 25 percent), the val-
ues remained almost constant (between 270 and 300 kPa) as the
voids changed. Figure 11 shows a plot of change in Sg per unit
change in void content. The change in Sg decreased with a decrease
in percent passing the 4.75-mm sieve, from 66 kPa per percent voids
at 40 percent to 3 kPa per percent voids at 20 percent passing the
4.75-mm sieve. It was expected that mixes with less than 30 percent
passing the 4.75-mm sieve would be less sensitive to void content
and hence would be able to maintain better resistance to rutting even
when a gradual densification and resulting decrease in voids
occurred. These data confirmed that mixtures with stone-on-stone
contact are much less sensitive to air void content than mixtures
without stone-on-stone contact.




TABLE 4 Summary of Gyratory Properties of Limestone Mixes

PERCENT PASSING VOIDS IN GYRATORY GYRATORY
475 mm (NO. 4) SIEVE  TOTAL MIX SHEAR INDEX SHEAR (kPa)
(%)
50 03 1.57 172
0.5 1.53 120.6
0.8 1.43 2343
4.5 1.10 268.7
40 03 1.47 10.3
1.3 1.26 124.0
23 1.23 155.0
3.0 1.13 199.8
35 03 1.45 689.0
1.7 1.10 172.2
1.8 1.17 258.4
3.6 1.08 258.4
30 0.2 1.25 124.0
1.1 1.03 251.5
1.7 1.06 2894
2.5 1.01 309.4
4.2 1.10 296.3
25 0.7 1.04 2721
2.0 1.00 274.2
33 1.00 274.9
4.1 1.05 289.4
20 1.0 1.04 296.3
20 1.01 296.3
33 1.02 292.8
3.7 1.00 - 310.7
1 kPa = 0.145 psi
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FIGURE 9 Plot of gyratory shear index (GSI) versus air voids for
different mixes.
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Brown and Mallick

CONCLUSIONS

From the results of this study, it can be concluded that plots of
VMA and VCA can be used to identify whether stone-on-stone
contact exists. For the mixture evaluated in this study, stone-
on-stone contact in the coarse aggregate portion began to occur at
around 30 percent passing the 4.75-mm sieve. The dry-rodded test
appears to be an easy way to determine the VCA necessary for
stone-on-stone contact. These three methods appear to give similar
results.

Stability tests indicate that mixes become less sensitive
to a change in void content with a decrease in percent passing
the 4.75-mm sieve and the resulting formation of stone-
on-stone skeleton. As the percent passing the 4.75-mm sieve
is decreased to 30 percent and lower for both gravel and lime-
stone mixes, stone-on-stone contact occurs. These mixes with
stone-on-stone contact were found to have very little or no
change in stability, GSI, or gyratory shear strength with change in
air voids.
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