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1. Introduction

Funded by the 1987 Intermodal Surface Transportation Efficiency Act, the Strategic
Highway Research Program (SHRP), was a five year, $150 million research program to
improve the performance of the nation's roads by addressing four key areas: concrete and
structures,; highway safety and maintenance; asphalt; and long-term pavement performance.
Nearly one-third of the $150 million was allocated for the study of asphalt, specifically to
develop performance based specifications that would relate material properties of the binder
and the mix to field performance. Superpave encompasses the products of the SHRP
asphalt research. The Superpave (SUperior PERforming Asphalt PAVEments) system was
developed to give highway engineers and contractors the tools they need to design asphalt
pavements that will perform better under extremes in temperature and traffic loads. The
Superpave system consists of three interrelated elements: an asphalt binder specification;
a mix design and analysis system; and performance tests and prediction models.

This report is a compilation and synthesis of Washington DOT's experience with
selected components and concepts of the SHRP/Superpave technology to include the
following: performance graded (PG) binder usage; binder specification validation; gyratory

compaction matrix; volumetric mix design; and the Superpave Shear Test (SST).



2. Superpave Binder Implementation

21 Introduction

To develop guidelines for Superpave performance grade (PG) binder usage in the
state of Washington several factors were considered: climate; pavement distress; and
binder availability. Each factor in this decision-making progress is addressed in the following

narrative.

2.2 Binder Availability

Binders typically specified by Washington DOT include AR4000W and PBAs -2, -5,
-6 and -6GR. However, PBA-2 and PBA-5 are rarely used. These binders are usually
purchased from as many as 9 suppliers. The initial step in developing guidelines for PG use
involved an assessment of the performance grade of the conventionally classified (i.e., AR
and PBA) binders used, the results of which are shown in Table 2-1. The data from Table
2-1 have been rearranged in Table 2-2 to illustrate the different PG classification(s) of the
conventional binders. As is evident from Table 2-2 the binders typically used by Washington
DOT may be classified in terms of 5 Superpave performance grades: PG 58-22; PG 64-22,
-28 and -34; and PG 70-28. Although AR4000W may be purchased from 8 different
suppliers it appears to be a fairly consistent product as it was classified as either a PG 58-22
or PG 64-22. With PBAs-2, -5, and -6GR, each available from only 1 supplier, it is
impossible to assess the classification consistency of this binder. PBA-8, provided by 4
suppliers, seems to be the most variable, as it was classified as 3 different performance
grades. The fact that PBA-6 is typically modified may help to explain some of the variability

in the PG classification.



Table 2-1. Binders Typically Specified

Binder(s)
Normally PG Also Meets
Supplier Produced Classification | PG Classification

Albina AR4000W 64— 22 58 - 22
PBA-6 64— 34 58 -22
58-34
64 - 28
AR4000W 64 — 22 58 - 22
PBA-2 64 — 22 58 - 22
PBA-6 64 —22 58 - 22

AR4000W 58 - 22

77

AR4000W 58 — 22 58-22
PBA-6 64 — 34 58 -34
64 - 28

AR4000W 58 - 22
AR4000W 58 -22 58 - 22
PBA-2 64 — 22 58 - 22
PBA-5 64 — 22 58 - 22
PBA-6 70-28 64 -28

AR4000W 58 - 22
AR4000W 58 — 22 58 -22
PBA-6GR 64 — 28 64 - 22

Table 2-2. PG Classification of Binders

Number of
Conventional PG Suppliers
AR4000W 58 - 22 8
64 - 22
PBA -2 64 - 22 2
PBA-5 64 - 22 1
PBA-6 64 - 22 4
64 - 34
70-28
PBA - 6GR 64 - 28 1

1994/1995 data



23 Binder Needs Based on Climate

Using the LTTPBIND software, data from 171 weather stations were used to
determine the PG binders required throughout the state of Washington. Both the criginal
SHRP and LTPP (Long Term Pavement Performance) algorithms were used to determine
the PG binders required at the 50 and 98 percent levels of reliability. Initially, WSDOT
personnel used the Canadian algorithm to determine the low temperature performance
grades needed throughout the state. The two algorithms (i.e., Canadian and LTPP) used
to select low temperature performance grade yielded virtually identical results. Accordingly,
throughout the remainder of this report reference is made only to the LTPP algorithms when
discussing selection of Superpave PG binders. These data are tabulated in Appendix A and
are shown graphically in Figures 2-1 though 2-10.

Figures 2-1 and 2-2 indicate the distribution of high and low temperature
performance grades, respectively. As shown in Figure 2-1 the essential difference between
the 50 and 98 percent levels of reliability for the high temperature performance grade
(regardless of algorithm) is a one-grade upward shift upward, i.e., to a higher PG. At the 50
percent level of reliability high temperature performance grades of 52 and 58 are appropriate
for 80 to 85 percent of the state. Similarly, at the 98 percent level of reliability high
temperature performance grades of 58 and 64 are appropriate for 80 to 85 percent of the
state. The general trends for low temperature PGs are similar, as shown in Figure 2-2.
Again, the essential difference between the 50 and 98 percent levels of reliability for the low
temperature performance grade (regardless of algorithm) is a one-grade shift downward,
i.e., to a lower PG. However, there are minor differences. At the 50 percent level of
reliability low temperature performance grades of -10, -16 and -22 cover 83 and 100 percent
of the state based on the SHRP and LTPP algorithms, respectively. At the 98 percent level
of reliability low temperature performance grades of -34, -28 and -22 are appropriate for 78

percent of the state based on the SHRP algorithm, whereas -28, -22 and -16 are appropriate
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for 90 percent of the state based on the LTPP algorithms. Clearly, the biggest difference
between the two algorithms occurs when selecting low temperature grades is at the 98
percent level of reliability. Note that the original SHRP algorithm yields a more conservative
performance grade than does the LTPP algorithm at both high and low temperatures.

Shown in Figures 2-3 to 2-10 are maps of the state which clearly and colorfuily
illustrate the distribution of Superpave PG binders required based on climatic diversity. At
the 50 percent level of reliability climatic data indicate that 11 PG binders are required; at the
98 percent level of reliability, 14 PG binders are required. For logistical as well as economic
reasons the state DOT would not likely specify that many performance grades, despite the
fact that there is some overlap of PGs.

The original SHRP algorithm assumes that the pavement surface temperature is
equal to that of the ambient temperature, whereas the LTPP algorithm, which integrates data
from the Long Term Pavement Performance (LTPP) seasonal monitoring stations, results
in a pavement surface temperature that is about 5°C higher. The net result is that the LTPP
algorithm typically yields a higher/warmer, i.e., less conservative, low temperature grade
than does the original SHRP algorithm. For example, data from weather station 456974
located in Ferry county yields a PG 58-40 using the SHRP algorithm, and a PG 58-34 using
the LTPP algorithm. A detailed discussion of these models used to determine pavement
temperature is found in Appendix B.

As might be expected, the vast majority of research on low temperature cracking has
been conducted in harsh climates. Accordingly, the reliability of these algorithms is
questionable for warmer climates. For northern climates using the air temperature to
compute the critical temperature for pavement cracking can result in differences of 15°C.
This leads to more restrictive specification of PG binders, perhaps by as many as three
grades. Binders specified for these climatic extremes (e.g., PG XX-34, PG XX-40) would

inevitably necessitate modification of the asphalt cement thereby increasing binder costs by



Figure 2-3. PG Binders Needed Based on Climate (Low Temperature, SHRP — 50%)

Figure 2-4. PG Binders Needed Based on Climate (Low Temperature, SHRP — 98%)
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Figure 2-5. PG Binders Needed Based on Climate (High Temperature, SHRP — 50%)

Figure 2-6. PG Binders Needed Based on Climate (High Temperature, SHRP — 98%})



Figure 2-7. PG Binders Needed Based on Climate (Low Temperature, LTPP — 50%)

Figure 2-8. PG Binders Needed Based on Climate (Low Temperature, LTPP — 98%)
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Figure 2-9. PG Binders Needed Based on Climate (High Temperature, LTPP — 50%)
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Figure 2-10. PG Binders Needed Based on Climate (High Temperature, LTPP — 98%)

11



as much as 50 to 100%. The Binder Expert Task Group, now operating under the auspices
of the National Cooperative Highway Research Program, is trying to refine the algorithms
that are used to compute the critical temperature for pavement cracking for both extremes,
i.e., northern and southern climates. Until findings from the various studies are readily
available the interim recommendations are as follows: For northern climates in which the
mean low air temperature is below -28°C, use a reliability level less than 98%. For example,
if the mean low temperature were -29°C a 50% leve! of reliability would require a binder of
PG XX-34. Though the actual level of reliability for the PG XX-34 with a mean low
temperature of -29°C might be closer to 75-80%, to reach the 98% level of reliability would
require specifying a binder of PG XX-40. This approach will preclude specifying extremely

low temperature, expensive binder grades.

24 Pavement Distress

Although similar in appearance, low temperature and reflective cracking are the
result of entirely different mechanisms. Transverse low temperature cracking occurs as a
result of thermally induced stresses. When the stress exceeds the strength of the material,
a crack occurs at the pavement surface and may eventually propagate through the depth
of the asphalt concrete layer. Reflective cracking appears as a transverse crack on the
pavement surface as well. However, reflective cracking of asphalt concrete occurs as a
crack (or joint) in the underlying layer (e.g., asphalt concrete or jointed portiand cement
concrete) propagates upward through the depth of the layer to the surface. Itis critical to
note that SHRP researchers did not consider reflective cracking in the development of the
Superpave binder specification. Use of Superpave for binder selection may minimize, if not
entirely eliminate, transverse low temperature cracking, but not transverse reflective

cracking.

12



Validation of the Superpave binder specification, during and post-SHRP,
underscores the decreasing influence of the binder in order of the following distresses: low
temperature cracking; fatigue cracking; and permanent deformation. Logically extending this
concept to implementation, the DOT staff considered the distribution of pavement distresses
throughout the state to try to optimize the effectiveness of the new technology. The
distribution of pavement distress, shown in Figure 2-11, indicates that low temperature
cracking is far more prevalent than fatigue cracking or rutting (permanent deformation).
Shown in Figures 2-12, 2-13 and 2-14 is the percentage of lane miles in each region with low
temperature cracking, fatigue cracking and rutting, respectively. All data is from the 1996
pavement condition survey. The data in Figure 2-12 indicate that more than 50 percent of
the lane miles in the Eastern, South Central and North Central regions show evidence of low
temperature cracking. Contrasting that are the data in Figures 2-13 and 2-14 which suggest
that fatigue cracking and rutting are not nearly as severe: only the Northwest region has
more than 20 percent of its lane miles that show fatigue cracking; and only the South Central
region has more than 30 percent of its lane miles that show rutting. It is clear that
implementation of the Superpave binder specification could dramatically reduce, if not
entirely eliminate, low temperature cracking and thereby reduce maintenance costs
associated with crack-filling.

Though researchers at CalTrans hypothesize that binder properties may be used to
predict fatigue behavior, SHRP researchers maintained that the thickness of the structural
section was the more influential variable. As of this date there is insufficient data to suggest
that implementation of the Superpave binder specification would dramatically affect fatigue
behavior,

Similarly, it is widely believed that aggregate properties such as shape, texture and
gradation have a much greater influence on permanent deformation than do binder

properties. Still, in the SHRP literature there is a provision for binder “bumping,” i.e.,

13
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selecting a “warmer” binder grade. Specifically, for slow moving loads selecting one grade
‘warmer” (e.g., PG 64 instead of PG 58) is recommended. For standing loads or traffic
exceeding 10 million ESALs, selecting two grades “warmer” (e.g., PG 70 instead of PG 58) is
encouraged. As shown in Figure 2-15, data extracted from the WSDOT pavement
management system (WSPMS) revealed that there are approximately 2650 lane miles with
design ESALs of 10-30 million and approximately 1600 lane miles with design ESALs
greater than 30 million. Shown in Figures 2-16 and 2-17 is the regional distribution of these
data. From Figure 2-16 it can be seen that most candidate projects for PB bumping of a
single grade are in the Eastern, Northwest, and South Central regions. From Figure 2-17 it
can be seen that most candidate projects for PG bumping of two grades are in the
Northwest, Olympic and Southwest regions. Although the Pacific Coast Conference on
Asphalt Specifications (PCCAS), of which WSDOT is a member, has an unofficial policy of
‘no bumping,” some states have selected binder grades warmer than the environmental
conditions would dictate. At the time this report was prepared field performance data were
not available to validate/refute the hypothesis concerning binder “bumping.”

To test this hypothesis, i.e., the effectiveness of binder “‘bumping,” the experiment
outlined in Figure 2-18 was proposed. As of this date the laboratory portion of the
experiment has been completed. Results of the laboratory testing are very promising: the
data suggest that the SST is an effective tool for discriminating between binders.
Furthermore, the data shown in Figure 2-19 indicate that “bumping” may be effective in
reducing rutting. The permanent shear strain for specimens made with the PG 70 binder
was approximately 1/4 to 1/3 the permanent shear strain for specimens made with the PG 58
binder. Note also that the results are fairly uniform within the binder groups. There appears
to be only 1outlier (specimen labeled 58v-3). All data, volumetric and S8T, are included in

Appendix C. Based on limited laboratory testing, it appears that the SST could
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For heavy duty wearing
course select materials &
determine design asphait
content by Superpave
methodology.

For JMF use the following:
PG 58-XX

PG 70-XX

Using gyratory compact
specimens at design %AC to
3% air voids.

!

Conduct RSCHT at T

critical®

Does SST discriminate among
PG binders?

Yes

Hypotheses:

1) SST is an effective tool for
discriminating between PG binders.

2) Bumping of PGs is cost-effective.
(Lab Testing & Field Validation)

NB: 2 mixes considered

: 1 each (CS & G)- stabiiity > 40
~ CS - crushed stone

G - gravel

Place trial sections in field (same
» JMF but different PG binders),
and periodically measure rutting.

:

Observed distress reflects
difference in PGs.

h 4

l Yes

No Estabiish relationship between SST data and
field performance (ie, measured rutting).

No

h 4

Consider other “strength” tests.

h 4

Bumping of PGs not cost effective.

v

Conduct LCC analysis to assess economic impact of bumping PGs.

Figure 2-18. Experiment Design to Test Hypothesis on Effectiveness of PG Binder

‘Bumping”
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be a very effective design tool. Completing the field validation portion of this experiment
would be the next logical step.
A preliminary assessment of the Superpave binder specification with respect to
thermal cracking was accomplished by a 4-step forensic study:
1) identifying 28 field projects for which original binder samples and condition
survey data were available;
2) determining the PG classification of the binders used in these projects;
3) determining the PG required for these projects based on the Superpave
weather database; and
4) comparing EXPECTED performance (PG required vs. PG used) and
OBSERVED performance (evidence of transverse, i.e., low temperature
cracking).
As shown in Table 2-3, 28 projects constructed between 1973 and 1983 were considered.
Based on condition surveys there was evidence of low temperature cracking in 15 of the
projects. For the remaining 13 projects there was no evidence of low temperature cracking.
Note that the PG binder required was computed using both the original algorithm
(recommended by SHRP researchers) and that included in the LTPPBIND software. As
noted previously, the latter algorithm is based on LTPP seasonal monitoring data. A
comparison of expected vs. observed performance indicates very good agreement with
when binder selection is made using the SHRP algorithm; and excellent agreement when
binder selection is made using the LTPP algorithm. Specifically, in 22 of the 28 projects, use
of the SHRP algorithm for binder selection would have correctly “predicted” the field
behavior, in 26 of the 28 projects, use of the LTPP algorithm for binder selection would have
correctly “predicted” the field behavior. These data provide excellent verification of the

efficacy of the Superpave binder specification. Moreover, the data tend to substantiate the
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hypothesis that the SHRP algotithm may be too conservative for low temperature PG binder

selection.

2.5 Recommended Guidelines for PG Use
To establish guideiines for Superpave PG use several factors were considered:

climate; pavement distress; and binder availability. Perhaps the easiest to address is binder
availability. Five binders are readily available from suppliers in the Pacific Northwest. They
include the following: PG 58-22; PG 64-22, -28 and -34; and PG 70-28. Based on climatic
diversity 11 PG binders are required at the 50 percent level of reliability, and 14 binders at
the 98 percent level of reliability. There is some overlap in binder grades such that 11 (or
14) distinctly different binders are not absolutely necessary. Still, for logistical as well as
economic reasons the state would not likely specify that many performance grades.
Moreover, a pragmatic review of the climatic data reveal that two high temperature grades
are adequate for nearly 80 to 85 percent of the state: PG 52 and PG 58 at the 50 percent
level of reliability; and PG 58 and PG 64 at the 98 percent level of reliability. There are
similar trends for the low temperature binder grades, though 3 grades instead of 2 are
needed to cover an equivalent area of the state. Depending upon the algorithm chosen, low
temperature performance grades of -10, -16 and -22 are appropriate for 83 to 100 percent
of the state at the 50 percent level of reliability. At the 98 percent level of reliability low
temperature performance grades of -22, -28 and -34 are appropriate for 78 percent of the
state based on the SHRP algorithm, whereas -16, -22 and -28 are appropriate for 90 percent
of the state based on the LTPP algorithms. The results of the forensic study make a
compelling case to use the LTPP algorithm for selecting low temperature performance
grades. In addition, the climatic data and distribution of pavement distress indicate that a
logical, technically sound and cost effective approach for establishing guidelines for PG

binder use is to divide the state into three geographical regions approximated as shown in
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Figure 2-20. The Westermn portion roughly includes the Northwest, Olympic and Southwest
Regions; the Northeastern includes the North Central Region and portions of the Eastern
and South Central Regions; the Southeastern includes the South Central Region and
portions cof the Eastern and Scuthwestern Regions. By dividing the state as shown in Figure
2-20, the PG binders required based on the climate are as shown in Table 2-4. As noted
previously, there is generally a one-grade shift from the 50 to 98 percent level of reliability,
regardless of algorithm. The shaded celis in Table 2-4 correspond to the performance
grades with the highest frequency of occurrence at the 98 percent level of reliability. Based
on the data shown in Table 2-4 the binders that could logically be specified are shown in
Table 2-5.

Considering other factors previously noted, particularly pavement distress, the
binders initially recommended for use are as follows. For the Western portion of the state
PG 58-22 is recommended as both algorithms agree and there is ample conservatism with
the 98 percent level of reliability. For the Northeastern portion of the state PG 58-34 is
recommended as rutting is not a serious problem, whereas low temperature cracking is.
Hence a less conservative choice for the high temperature grade (58) and more
conservative choice for the low temperature grade (-34). For the Southeastern portion of
the state PG 64-28 is recommended as rutting is more frequently a problem than is low
temperature cracking; hence, adhering to the conservative choice for the high temperature
grade { 64), and the less conservative choice for the low temperature grade (-28). For
mountain passes a PG 58-34 may be considered. The recommended guidelines for use are

shown graphically in Figure 2-21.
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Figure 2-20. Regional Division of State for PG Selection
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Table 2-4. Performance Grades (PG) Required

SHRP Algorithm LTPP Algorithm
50% 98% 50% 98%
c £ c E c E £ £
i) o Q b0 © Qo Q z
@ 7] @ 0 k7] 7] k7] |7
oy [1+] o 4] o 3] [ 4]
Hgh | 3 | 2| 2| g | 2| 2| s |2 |2 5| 2|28
Temo | 8\ E |2 S| E|3|E 538|853
PG 2 |zl |slz2|o|l=2|z|6|2| 2|06
40 3 2
46 22 1 2 32 1 2
52 59 9 13 19 1 50 27 28 22 1

SHRP A

50% 98% 50% 98%
[ £ c £ c c c c
¢ | 8 g | & g | @ s | &
@ ) k7] 7] W 0 @ 7]
ow | E|B|B|5|8|8|5| 88|58
e | 51 SB35 285|385
PG 2 |lz|lal2|lzle|l2| 2|82 2|8
-10 39 1 58
-16 42 1 6 27 25 6 28 40
-22 3 11 37 49 1 27 22 42 1 5
-28 21 7 7 5 19 2 20 41
-34 20 | 30 12 4
-40 8 1

Table 2-5. Performance Grades by Section Based on Frequency of Occurrence

Section of State SHRP -98% | LTPP-98%
Western 58-22 58-22
Northeastern 64-34 58-28
Southeastern 64-34 64-28
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Figure 2-21. Guidelines for PG Use
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3. Superpave Mix Design Studies

3.1 Introduction
Prior to a discussion of WSDOT's evaluation/implementation of the Superpave mix
design and analysis technology, some introductory comments seem appropriate. As shown
in Figure 3-1, WSDOT typically conducts about 225 mix designs annually such that
implementation of the Superpave technology represents a significant financial investment
— in equipment and personnel training. The Superpave mix design procedure is thoroughly
described in an FHWA document (McGennis et al., 1994). However, SHRP-A-407, “The
Superpave Mix Design Manual for New Construction and Overiays,” is the single best source
of information (Cominsky et al., 1994). Superpave mix design and analysis may be
conducted at increasingly rigorous levels with each level providing more definitive
information about the mix’s likely performance. As the name implies, Superpave volumetric
mix design includes material selection and proportioning. Volumetric mix design may be
extended with a battery of tests to allow the design engineer a more reliable level of
performance prediction in terms of permanent deformation, fatigue cracking and low
temperature cracking. As with any new technology, Superpave mix design and analysis is
“provisional” and continues to be evaluated and refined for incorporation into federal, state
and local specifications. At the time this report was prepared several projects were
underway to extend and refine work of SHRP researchers, specifically the Superpave
technology. These include but are not limited to the NCHRP projects shown in Table 3-1.
It is anticipated that WSDOT will carefully consider the results of these projects as it

continues its evaluation/fimplementation of the Superpave technology.
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Number of Annual Mix Designs by Class

ATB (23)

G(28) A(75)
F(2)
E(25)
B (34)
187 total

Number of Annual Mix Designs by Class
(with RAP)

ATB (5)
? (0]

E(7) A(17)

B(4)

33 total

Figure 3-1: Number of Annual Mix Designs
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Table 3-1. Post-SHRP Research Related to Superpave

NCHRP Project and Title

9-7 | Field Procedures and Equipment to Implement SHRP Asphalt
Specifications
9-9 | Refinement of the Superpave Gyratory Compaction Procedure
9-10 | Superpave Protocols for Modified Asphalt Binders
9-12 | Incorporation of Reclaimed Asphalt Pavement in the Superpave System
9-13 | Evaluation of Water Sensitivity Tests
9-14 | Investigation of the Restricted Zone in the Superpave Aggregate
Gradation Specification
9-16 | Relationship Between Superpave Gyratory Compaction Properties and
Permanent Deformation of Pavements in Service
9-17 | Accelerated Laboratory Rutting Tests: Asphalt Pavement Analyzer
9-18 | Field Shear Test for Hot Mix Asphalt
9-20 | Superpave Support and Performance Models Management
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3.2 Mix Design Considerations -Traffic

As originally configured (Table 3-2) Superpave mix design included seven traffic
levels and four temperature regimes for 28 possible compaction levels. Recognizing that
the 28 compaction levels made for a somewhat unwieldy system WSDOT attempted to
reduce the number of compaction levels by conducting a series of mix designs at each
compaction level. It was hypothesized that a nomographic solution for selecting design
asphalt content for all mix designs could be generated from the relationships of volumetric
properties to asphalt content at three or four compaction levels. Selecting five commonly
used job mix formuli (JMF), specimens were compacted to the Superpave-specified levels
Of Nryaximum @8 shown in Figure 3-2. All mixes were classified as 19 mm, based on nominal
maximum size of aggregate. Mixes V-35, N-188 and W-295 used a quarried aggregate,
whereas mixes D-47 and E-136 used a gravel. All mixes consisted of virgin materials except
W-295 which contained 15% reclaimed asphalt pavement (RAP).

As expected, the design asphalt content at 4% air voids decreases with increasing
compactive effort. This trend is independent of aggregate type. As shown in Figure 3-2 the
five mixes fall in two distinct groups. Mixes V-35, N-188 and E-136 have design asphalt con-
tents consistently higher (1 to 1.5%) than mixes D-47 and W-295. Note, however that the
distinct groupings overlap aggregate type. This very limited laboratory experiment suggests
that it might be possible to limit the number of compaction levels required for mix design:
e.g., selecting a design asphalt content for Npaxmum = 134 based on gyratory compaction
data from Nyaimum = 204. However, the data shown in Figures 3-3 and 3-4 suggest that this
approach must be used with caution. The trends in the data are similar, i.e., decreasing
VMA and VFA with increasing compactive effort, but the two groups contain different mixes
than shown in Figure 3-2. The mixes containing the quarried aggregate (V-35, N-188 and
W-285) have consistently higher VMA (voids in mineral aggregate) and VFA (voids filled with

asphalt) (1 to 1.5%) than mixes containing the gravel (D-47 and E-136).
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Table 3-2. Superpave Design Gyratory Compactive Effort (Asphalt Institute, 1995)

Average Design High Air Temperature

Egiﬁ; < 39°C 39-40°C 41-42°C 43-44°

(millions) | Nini | Nges | Nimax | Nini | Naes | Nmax | Nini | Noes | Nemax | Nini | Nues | Nmax
<03 | 7 68, 104| 7 74| 114] 7 78| 121 7 82| 127
0.3-1 7 76| 117 7 83, 129] 7 gs| 138| s 93| 146
1-3 7 86| 134 s o5/ 150 8 | 100 158] 8 | 105| 167
3-10 8 96| 152| 8 | 108! 169| & | 113] 181] 9 | 119] 102
1030 | 8 | 109] 174 9 | 121] 195 o | 128] 208] 9 | 135 220
30100 | 9 | 126 204| 9 | 139} 228] 9 | 146| 240| 10 | 153] 253
>100 | 9 | 143] 233] 10 | 158] 262 10 | 165| 275| 10 | 172] 288

il
o

o
()]

Percent Asphalt Cement
P [3]
[4)] [

i
o

g
]

Design Asphalt Content at 4% Air \_/oids"
6.5

104 117 134 152 174 204 233
Nmax Gyrations

§+ms+m7+mm+WM+H%J

Figure 3-2. Design Asphalt Content at Various Compabtion Levels
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* VMA at Design Asphalt Content

Percent VMA

104 117 134 152 174 204 233
Nmax Gyrations

——V-35 —-D47 = N-188 —a W-295 —m- E-136

Figure 3-3. VMA as a Function of Compaction Level

VFA at Design Asphalt Content

Percent VFA

104 117 134 152 174 204 233

Nmax Gyrations

F@. V-35 —w-D-47 -z N-188 —a W-295 -m E-136

Figure 3-4. VFA as a Function of Compaction Level
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On the national front it was acknowledged that limited data were used to develop the
original gyratory compaction matrix such that one of the first post-SHRP research projects,
NCHRP 9-9, focused specifically on this issue. Research by Brown et al. has provided a
more reasonable number of compaction levels and more definitive guidance with respect
to each. The consolidated design matrix is shown in Table 3-3. Although not specifically
an objective of this research, some adjustment of the aggregate consensus property
requirements was necessary to match the revised Ngyeggn levels and to make for a standard
or uniform table. Consensus property requirements are shown in Table 3-4. Data extracted
from the Washington State Pavement Management System (WSPMS) database, as shown
in Table 3-5, indicate that two compaction levels (i.e., those associated with design ESALs
of 0.1 to0 1.0, and 1 to 30 million), will accommodate the preponderance of existing traffic

conditions.

3.3 Comparison of WSDOT Mix Design to Superpave

At the conclusion of the Strategic Highway Research Program in 1993 most state
DOTs, including Washington, began their “implementation” with a critical evaluation of the
Superpave mix design and analysis technology. WSDOT considered numerous factors
such as the following: mix class, aggregate gradation, and aggregate properties.

Working from the general to the specific, WSDOT began by comparing its existing
mix classifications (e.g., A, B, D, etc) to the new Superpave mix designations (e.g., 19 mm,
12.5 mm, 9.5 mm, etc.). Superpave mixes are specified by nominal maximum size of
aggregate, which is explicitly defined as one sieve size larger than the first sieve to retain
more than 10 percent. Shown in Table 3-6 is a comparison of the current WSDOT mix
classifications and the Superpave mix designations. Note that WSDOT mix classes mesh

with four of the five Superpave designations, all but the 37.5 mm.
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Table 3-3. Recommended Consolidation of the Ngesign Compaction Matrix (Brown et al.,
1998)

Design Traffic Level | Compaction Parameters
(million ESALS)*® | Nigitar | Naesign® | Nenaximum Typical Roadway Applications®

Less than 0.1 6 50 74 Applications would include roadways with very
light traffic volumes such as local roads,
county roads, and city streets where truck
traffic is prohibited or at a very minimal level.
Traffic on these roadways would be
considered local in nature and not regional,
intrastate, or interstate. Special purpose
roadways serving recreational sites or areas
would also be applicable to this level.

0.1to01 7 70 107 Applications would include many collector
roads or access streets. Medium trafficked
city streets and the majority of county roads
would be applicable to this level.

110 30 8 100 158 Applications would include many two-lane,
muitilane, and partially divided or completely
controlled access roadways. Among these
are medium to highly trafficked city streets,
many state routes, U.S. highways, and some
rural interstates. Use for Stone Matrix
Asphalt.®

Greater than 30 9 130 212 Applications include much of the U.S.
Interstate system, both rural and urban in
nature. Special applications such as truck
weighing stations or truck climbing lanes on
two-lane roadways would also be applicable to
this level.

Notes:
*Values shown are based on 20-year ESALs. For roadways designed for more or less than 20
years, determine the estimated ESALS for 20 years and choose the appropriate Naesign level.
®When the mixture being designed is to be placed more than 100 mm from the finished surface
the Naesion réquirement can be dropped one traffic level. When the mixture is more than 200 mm
from the surface the Nyesign requirement can be dropped two traffic levels. However, if the
mixture being designed at lower gyrations is exposed to significant traffic prior to being overlaid,
significant stability problems may occur.

“It is recommended that Superpave mixtures be compacted to Nyesign gyrations.

Typical applications as defined by A Policy on Geometric Design of Highways and Streets,
AASHTO, 1994,

*When the Los Angeles Abrasion value for the aggregate used in Stone Matrix Asphalt exceeds
30 or when designing for less than 1 million ESALs, consider dropping to the next lowest
compaction level (70 gyrations).
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Table 3-5. WSDOT Lane Miles Associated with Revised Superpave Compaction Matrix

Design ESALs Lane Miles
(miltion) ACP BST
< 0.1 238 132.2
0.1-<1 2038.3 3152.7
1-<30 7754.8 1576.3
> 30 858.8

Table 3-6. Comparison of WSDOT Mix Classes and Superpave Designations

WSDOT Equivalent Superpave
Mix Class Designation
A 12.5
B 12.5
D 9.5 (open graded)
Modified D 25 (open graded)
E 25
19
9.5

Superpave Mix Designations (mm)

9.5,12,19.525,37.5
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Aggregate gradation is a key component of mix design. Shown in Table 3-7 are the
sieves required by Superpave as well as the four additional sieves traditionally used by
WSDOT. Since 1993 WSDOT has used the standardized nest of sieves required by
Superpave, no longer using the 31.5, 16, 6.3 and 2.00 mm sieves.

WSDOT's assessment of Superpave mix design criteria began with 1994 data. The
evaluation was made in terms of gradation, specifically the Superpave control points and
restricted zone. As shown in Table 3-8, 163 mix designs were initially considered. The
WSDOT class F mixes were excluded as there were only two mix designs; ATB mixes were
excluded since Superpave was not intended for base mixes. Of the remaining 147 mixes
approximately 72% failed the Superpave gradation criteria, primarily because the WSDOT
mixes passed through the restricted zone. However, it is important to note that nearly 70%
of those WSDOT mixes made with multiple stockpiles could be re-blended to meet the
gradation requirements. It is impossible to say if mixes made with these “re-blended”
gradations would have met the Superpave volumetric criteria as no actual mix designs were
conducted.

SHRP researchers surveyed pavement experts to determine which aggregate
properties were critical to asphalt concrete performance. This group of experts
recommended that two categories of aggregate properties be included in Superpave:
‘consensus” and “source” properties. The characteristics in the former category were called
‘consensus” because there was agreement as to their use and specified values. Consensus
properties include the following: coarse and fine aggregate angularity; flat and elongated
particles;, and clay content. Although other aggregate properties were believed to be
important, critical values of these properties could not be reached by consensus.
Consequently, a set of "source” properties was recommended. Aggregate source properties

include the following: toughness; soundness; and deleterious materials.
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Table 3-7. Sieves Used

Superpave Sieves
(mm)

WSDOT Additional Sieves
(mm)

50

37.5

31.5

25

19

16

12.5

9.5

6.3

4.75

2.38

2.00

1.18

0.600

0.425

0.300

0.150

0.075

Table 3-8. 1994 Mix Design Assessment

Fails Superpave Criteria

27 23 2

Mix Class
A&B G E ATB Total
Number of Mix Designs 97 14 163

« Gradation 83 8 15 106
Control Points 0 0 2 2
Restricted Zone 83 8 13 104
« Stockpiles Re-blended
to Meet Gradation 57 7 9 73
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Comparisons of WSDOT and Superpave aggregate properties used in mix design
are shown in Tables 3-9 to 3-13. Note that these data were taken from the same 1994 mix
designs considered in Table 3-8.

Shown in Table 3-9 are WSDOT mixes that failed the Superpave criterion for coarse
aggregate angularity. Approximately 33% of all WSDOT mixes failed the coarse aggregate
angularity criterion. Nearly 75% of those mixes that failed this criterion had design ESALs
greater than 10 million. WSDOT has since specified a minimum of 90% fractured faces for
mixes 19 mm or smaller, and a minimum of 50% fractured faces for mixes larger than 18
mm.

Shown in Tables 3-10 and 3-11 are the Superpave criteria for fine aggregate
angularity, and for flat and elongated particles, respectively. WSDOT did not have
specification for either, but has since adopted the following requirements for all mixes: a
minimum 45% for fine aggregate angularity; and a 10% maximum for flat and elongated
particles.

In Table 3-12 are the Superpave and WSDOT recommended minima for sand
equivalent. WSDOT's minimum sand equivalent of 45% compares favorably to the
Superpave criterion at all but the highest traffic level. For design ESALs which exceed 30
million the Superpave criterion is a minimum sand equivalent of 50%. At this time WSDOT
has no plans to change its requirements.

Superpave aggregate source properties are shown in Table 3-13. Shown alsc are
WSDOT tests and criteria. Note that WSDOT's criterion for aggregate toughness is more
stringent than that recommended by Superpave. WSDOT limits LA Abrasion loss to 30%
whereas Superpave recommends a range of 35-45%. WSDOT has recommended that the
LA Abrasion test be conducted annually. Previously, the WSDOT required that LA Abrasion

be done once every 10 years. For aggregate soundness WSDOT employs a degradation
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Table 3-9. Comparison of WSDOT and Superpave Criteria for Fractured Faces of Coarse

Aggregate
Superpave Criterion for Mix Designs Failing Superpave Criterion
Coarse Aggregate Angularity by WSDOT Mix Class
Design Depth from Surface
ESAL x 10° < 100 mm A&B G E F Total
<03 55/- 0 0 0 0 0
0.3to1 65/- 0 0 0 0 0
1-3 75/- 2 0 2 0 4
3-10 85/80 3 0 5 1 9
10 - 30 95/90 19 4 1 0 24
30-100 100/100 7 1 4 0 12
> 100 100/100
total 31 5 12 1 49
147 mix designs considered

NB: “85/80" denotes that 85% of the coarse aggregate has one or more fractured
faces and 80% has two or more fractured faces.

Table 3-10. Superpave Criteria for Fine Aggregate Angularity

Depth from Surface
Design ESAL x 10° | <100 mm | > 100 mm
<0.3 - -
0.3to1 40 -
1-3 40 40
3-10 45 40
10 -30 45 40
30-100 45 45
> 100 45 45

NB: This property defined as the percent air
voids present in loosely compacted
aggregate smaller than 2.36 mm —
based on AASHTO TP 33.
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Design ESAL x 10°

Maximum Percent

<03

0.3-1

Table 3-11. Superpave Criteria for Flat and Elongated Particles

1-3
3-10
10-30 10
30-100
>100

NB: This property determined from ASTM
D 4791.

Table 3-12. Superpave Criteria for Clay Content

WSDOT
Sand Equivalent Mix Classification
Design ESAL x 10° | Minimum Percent | A, B,G&E F
<0.3
03-1 40
1-3
3-10 45 45 35
10-30
30 - 100 50
> 100

NB: This property determined from AASHTO T 176.
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Table 3-13. Comparison of Superpave and WSDOT Tests and Criteria for Aggregate

Source Properties

Property Superpave WSDOT
Toughness | Los Angles Abrasion | maximum loss maximum loss
35-45% 30%
ASTM C 131/535
AASHTO T 96
Soundness | Sodium or maximum loss degradation
Magnsium Sulfate 10 - 20% for 5 cycles | 30 minimum for wearing course
ASTM C88
AASHTO T 104
Deletericus | ASTM C 142 maximum none specified
Materials AASHTO T 112 0.2t010%
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test and requires a 30 minimum for all wearing courses. WSDOT does not currently
evaluate aggregate for the presence of deleterious materials. At this time WSDOT does not
anticipate adopting the Superpave recommended tests for aggregate soundness and
deleterious materials.

One particularly contentious aspect of Superpave mix design is that of the restricted
zone. lts inclusion was recommended by the same panel of experts that selected the
aggregate consensus and source properties and was intended to eliminate “tender mixes”
by limiting the quantity of rounded natural sands. Though intended as a guide, many
interpreted it to be a requirement. Several state DOTs, including Washington, indicated that
violation of the restricted zone did not necessarily yield poor field performance. In conjunc-
tion with the PCCAS (Pacific Coast Conference on Asphalt Specifications), WSDOT staff
compiled the data shown in Table 3-14. Though limited in number and qualitative in nature,
these data suggest that an aggregate gradation that passes through the restricted zone at
a “severe” angle, as depicted in Figure 3-5, is more likely to result in rutting than is an aggre-
gate gradation that skirts the restricted zone and is nearly parallel to the maximum density
line. This aspect of the Superpave design aggregate structure has generated so much inter-

est/controversy that an NCHRP project (9-14) is now underway to try to resolve this issue.

3.4 Rutting Evaluation for Contract # 4250

One of WSDOT's first attempt to incorporate the Superpave technology began with
the 1993 paving of Interstate-5 from Nisqually River to Gravelly Lake Road {(MP 114,97 to
MP 124.21), approximately 15 km in length. Both north and southbound lanes were paved
with three test sections. A Hveem mix design was conducted for each test section using the
binders shown in Table 3-15. Complete mix design and field core data may be found
elsewhere (Briggs et al.), but are summarized in Table 3-16. In 1993 only Hveem mix

designs were performed. In 1994 both Hveem and Superpave mix designs were performed.
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Table 3-14. Number of Mixes Evaluated with Respect to Restricted Zone and Observed
Field Performance

Orientation with Respect to Maximum Density Line
Through the Restricted Zone
Above Below Crossing
Above | Below Lot Little Lot Litte | Severe | Slight
WS DOT 1 2 1 1 2 3 1 1
Good Performance
AZ DOT 1 3 2 1
Good Performance
WS DOT 1 5 1
Rutting
AZ DOT 5
Rutting

SEVERE

Figure 3-5. Violations of the Restricted Zone
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Table 3-15. Binders Used on Contract 4250

Binder
Milepost Southbound Northbound
114.98 to 116.77 AR4000W
116.77 to 118.77 PBA-6 PBA-6
118.77 to 120.77 PBA-6GR PBA-6GR
120.77 to 124.21 AR4000W AR4000W

Table 3-16. Summary of Contract 4250 Data

1993 Data -~ Northbound Lanes

Design Asphalt Air Void Content Hveem Stability | Average Air Void
Content at Design Asphalt at Design Asphalt Content of
Binder (%) Content (%) Content Field Cores (%)
AR4000W 53 29 40 7.2
PBA-6GR 55 4.4 36 8.8
PBA-6 23 4.0 38 55
- 1994 Data - Southbound lanes
. Air Vo.id Content
Comeniy | " Coneni ()| sueem Sy, | Avrage ar v
Binder Hveem | Superpave | Hveem | Superpave Content Field Cores (%)
AR4000W 4.9 5.1 32 4.0 39 8.7
PBA-6GR 5.5 54 3.2 4.0 36 69
PBA-6 4.9 4.9 34 4.0 a9 7.0
Table 3-17. Summary of SST and GLWT Results
SST GLWT
1993 Data 1994 Data 1994 Data
Million ESALs Average Deformation
Million ESALs to 0.5 in Rut at 8000 Load Cycles
to 0.4 in Rut Depth Depth (inches)
AR4000W 12.4 0.631 0.032
PBA-B6GR 0.559 0.661 0.072
PBA-6 18.4 0.646 0.041
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As shown in Table 3-15, the design asphalt contents vary but slightly: for the AR4000W the
Superpave design asphait content is 0.2% higher than the Hveem design asphalt content;
for the PBA-6GR, the Superpave and Hveem design asphait content differ only by 0.1%.
Note, however, that the air void contents associated with the Hveem design asphalt content
are lower than that of the Superpave design by 0.6 to 0.8%.

Field cores were taken immediately after paving in 1993 and 1994 and sent to
commercial laboratories for evaluation with the Superpave Shear Tester (SST). Additionally,
plant mix material from the 1994 paving, i.e., southbound lanes, was sent to a commercial
laboratory for evaluation with the Georgia Loaded Wheel Tester (GLWT), now called the
asphalt pavement analyzer (APA). The objective in sending cores and production mix to the
commercial labs was to estimate the rutting performance of these mixes. Complete shear
test and wheel tracking test results may be found elsewhere (Briggs et al.), but are
summarized in Table 3-17 and Figures 3-6 and 3-7. As is evident from the data shown in
Table 3-17, the data are conflicting as to the expected performance. The 1993 SST data
rank the sections in order of decreasing rutting performance as follows: PBA-6, AR4000W
and PBA-6GR. The 1994 SST data rank the sections in order of decreasing rutting
performance as follows: PBA-6GR, PBA-6 and AR4000W. The GLWT data rank the
sections in order of decreasing rutting performance as follows: AR4000W, PBA-6 and PBA-
B6GR.

As shown in Figure 3-6, the 1993 SST data suggest that the AR4000W and PBA-6
will be much more rut resistant than the PBA-6GR, whereas the 1994 SST data suggest that
there would be no significant difference in performance. The GLWT data, also shown in
Figure 3-6, tend to agree qualitatively with the 1993 SST data — that the AR4000W and
PBA-6 will be more rut resistant than the PBA-6GR. Based on projected traffic of 850,000
ESALs/year, however, the 1993 SST data suggest that the AR4000W and PBA-6 would

provide nearly 18 to 20 years of service, whereas the PBA-6GR would rut within the first year
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SST Results from Field Cores
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Figure 3-6. SST Results from Field Core
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Figure 3-7. GLWT Results from Production Mix
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of service. The GLWT data suggest that the AR4000W and PBA-6 would provide twice the
rut resistance as the PBA-6GR. At the time this report was prepared data extracted from
the WSPMS indicate that all three test sections are performing well, with no more than 4 mm
or rutting on any section. The 1984 SST data show the least variability and are most
consistent with the observed field performance, i.e., that the three test sections are
performing comparably. However, the 1994 SST data indicate that the mixes would rut
within the first year of service, i.e., 850,000 ESALs. The discrepancy between the predicted
and observed rutting may be explained in terms of the equation used to predict ESALs to

rutting (Sousa, 1994).

where cycles = number of repetitions to 4.5% shear strain
The data used to develop this equation were taken from LTPP General Pavement Studies
(GPS) which employ materials that are not specific to Washington. For WSDOT to use
make effective use of the SST and this approach it must develop locally calibrated predictive

rutting relationships.

3.5 Data from Field Projects
3.5.1 Comparison of Design Asphalt Contents

Since 1994 Washington DOT has placed 44 projects which involve some component
of the Superpave technology; e.g., Hveem mix design with a PG binder, or PG binder with
a Superpave mix design. A complete listing of these projects, generated by WSDOT
Pavement Management staff, is found in Appendix D. Field performance data, extracted

from the WSPMS, were available for all the projects and are shown in Appendix E.
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For 14 of these 44 projects both Hveem and Superpave mix design data were
available, a complete summary of which is found in Appendix F. For 7 of these 14 projects
both gyratory and kneading compaction data with piant mixed material (i.e., production mix}
were available.

The analyses of these data began with a comparison of design asphalt contents,
summarized in Table 3-18 and Figure 3-8. Note that the Superpave methodology
recommends selecting a design asphalt content associated with 4 percent air voids. Shown
in Table 3-18 are not only the recommended Hveem and Superpave design asphalt
contents, but also the Hveem asphalt content associated with 4 percent air voids.

The data shown in Figure 3-8a suggest that there are some differences between
Hveem and Superpave mix designs. Below 5 percent the recommended Hveem design
asphalt content is generally equal to or greater than the Superpave design asphalt content.
Above 5 percent the recommended Hveem design asphalt content is generally equal to or
fess than the design asphalt content. A careful review of the data in Table 3-18 reveals the
following: In 8 of the 17 cases the recommended Hveem and Superpave design asphalt
contents do not differ by more than 0.2%. In 6 cases the Superpave design asphalt content
is greater than that of the recommended Hveem. In 3 cases the recommended Hveem
design asphalt content is greater than that of the Superpave. Comparison of the matched
pairs using the student's t-test indicates that there is not a statistical difference in the design
asphalt contents.

The data shown in Figure 3-8b, which includes a comparison of the recommended
Hveem design asphalt content and the Hveem design asphalt content associated with 4
percent air voids, indicate that there are only slight differences. Again, the data in Table

3-18 are instructive: in 14 of 17 cases the design asphalt contents do not differ by more than

0.2%.
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Table 3-18. Summary of Design Asphalt Contents

Hveem Superpave

Contract Number Recommended @ 4% Air Voids @ 4% Air Voids
4201 (A) 5.4 5.7 6.1
4250 (A, AR4000W) 49 4.7 5.1
4250 (A, PBA-6) 49 47 4.9
4250 (A, PBA-6GR) 4.9 5.1 55
4326 (A) 4.7 4.4 4.1
4326 (E) 43 4.1 3.4
4362 (E) 4.0 3.7 40
4414 (A) 5.2 50 5.6
4625 (F) 43 4.1 4.4
4676 (A) 49 5.0 5.0
4692 (A-RAP) (BLEND 1) 5.6 5.6 6.4
4694 (A) 5.0 48 55
4712 (A) 5.9 5.9 5.7
4818 (A) 5.2 5.1 5.2
4871 (A) 5.0 49 5.0
5160 (E) 45 45 3.8
5338 (12.5 mm) 4.7 46 52
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Comparison of Design Asphalt Contents
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Figure 3-8a. Design Asphalt Contents (Superpave vs. Recommended Hveem)
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Figure 3-8b. Design Asphalt Contents (Recommended Hveem vs. Hveem at 4 Percent Air
Voids)
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Comparison of Design Asphalt Contents
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Figure 3-8c. Design Asphalt Contents (Superpave vs. Hveem at 4 Percent Air Voids)
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As expected from the preceding discussion, the data shown in Figure 3-8c¢ indicate
that in most cases (13 of 17) the Superpave design asphalt content is equal to or greater

than the Hveem design asphalt content associated with 4 percent air voids.

3.5.2 Comparison of Compaction Devices

A fundamental difference between Hveem and Superpave mix design methods is the
compaction device. In Hveem mix design, regardless of the anticipated traffic, all specimens
are compacted in accordance with ASTM D1560. Superpave mix design attempts to
account for anticipated traffic by varying the compactive effort; hence the compaction
matrices shown previously in Tables 3-2 and 3-3. Moreover, the kneading compactor used
in Hveem design in not suitable for field quality control/assurance (QC/QA) because of its
size and lack of portability. On the other hand, SHRP researchers were optimistic that the
Superpave gyratory would ultimately find its way to the field for that very purpose. The
Superpave gyratory compactors as originally configured have a mass of 360 to 540 kg and
are not truly portable. Still, they have been widely used in mobile laboratories at project sites
for various reasons: to gain familiarity with the equipment itself, to assess compactibility of
Superpave mixes; to validate the compaction matrix as well as the Njya, Naesign 8N Nmaximum
parameters; and QC/QA. Toward that end a limited experiment was undertaken by WSDOT
to try to quantify the difference between the Hveem and gyratory compactors.

As shown in Table 3-19, production mix from 7 projects was included in the study.
Note that for contract 4250 there were 3 different mixes used on the project. Production mix
was sampled during construction and divided for compaction with the gyratory and kneading
devices. For gyratory compaction, production mix was sampled during construction,
transported to the trailer on the project site, brought to compaction temperature and

compacted immediately thereafter. For kneading compaction, production mix was sampled
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Table 3-19. Summary of Kneading and Gyratory Compaction Data from Field Projects

% Air Voids
Contract Number Kneading Gyratory N Design
4201 (A) 47 8.1 68
4250 (A, AR4000W) 2.8 3.0 109
4250 (A, PBA-6) 3.0 3.8 109
4250 (A, PBA-B6GR) 2.5 2.3 109
4326 (E) 29 26 109
4362 (E) 3.1 2.9 109
4692 (A-RAP) 46 N=76 N=109
7.0 59
4694 (A) 48 8.1 76
4712 (A) 40 N=76 N =109
39 24

Comparison of Air Void Content
(Mean Values for Each Contract)

% Air Voids (Gyratory)
N WH OO~ 0O
1

2 3 4 5 6 7 8 9
% Air Voids (Kneading)

o Ndes = 68 a Ndes = 76 w Ndes = 109

Figure 3-9. Comparison of Kneading and Gyratory Compaction Data (Average Values for
Each Project)
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during construction, stored in cardboard boxes or metal buckets, and returned to the
headquarters laboratory for compaction at a later date. The data are summarized in Table
3-19 and Figure 3-9.

The data in Figure 3-9 indicate that there are some differences between kneading
and gyratory compaction as measured by average void content, particularly when Ngeggn
gyrations are fewer than 109. This is seen more clearly when the data are separated into
two data sets, i.e., Ngesign = 109 and all other data. Descriptive statistics for the two data sets,
are shown in Table 3-20. The individual data points are shown graphically in Figure 3-10.
Figure 3-10a includes all the data, whereas Figure 3-10b includes only the gyratory data for
which Ngesign = 109.

As is evident from Figure 3-10a, the encircled cluster of gyratory data points reflects
the higher air void contents associated with compaction to Ngesign = 68 or 76. Excluding
these data, i.e., Ngesign = 68 and 76, Figure 3-10b suggests that, despite some obvious
outliers and scatter in the data, the current kneading compaction and gyratory compaction
protocols (at least for 109 gyrations) yield similar air void contents. Interestingly, the
refationship between air void content and Hveem stability is quite good. A logarithmic fit of
the data, as shown in Figure 3-11, indicates that air void content explains nearly 70 percent

of the variation (R? = 0.67) in Hveem stability.

Table 3-20: Descriptive Statistics for Kneading and Gyratory Compaction Data

Data from the Following Contract Numbers: Air Void Content
4201, 4250, 4326, 4362, 4692, 4694, 4712 Kneading | Gyratory
All Data mean 35 4.2
standard deviation 1.1 24
coefficient of variation (%) 31 58
Hveem Data and mean 3.1 3.0
Gyratory Ngesign = 109 standard deviation 0.9 1.1
coefficient of variation (%) 28 36
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Comparison of Air Void Content
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Figure 3-10a. Comparison of Kneading and Gyratory Compaction Data (All Project Data)
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Stability vs Air Void Content
(All Contracts)
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Figure 3-11. Relationship between Air Void Content and Hveem Stability
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As shown in the shaded cells of Table 3-20, the average void contents are 3.1% and
3.0% for kneading and gyratory compacted specimens, respectively.

Comparison of the two sample means using the student’s t-test indicates that there
is not a statistical difference between the kneading and gyratory air void contents. One
might logically conclude that there is general agreement in air void content between
kneading and gyratory compacted specimens. However, that conclusion must be qualified.
Recall that production mix used for kneading compaction had been stored for several
months and reheated prior to compaction. [f the two compaction protocols are indeed
comparable, one would have expected the kneading compacted specimens to have higher
air void contents than the gyratory compacted specimens because of the inevitable
hardening/aging of the asphalt cement that occurs with time and reheating. Had kneading
compaction of the production mix been done similar to that of the gyratory compaction, i.e.,
immediately after sampling, it is very likely that the air void contents of the kneading
compacted specimens would be lower than those recorded in this experiment. Because of
differences in the compaction protocols (e.g., storage time, temperature and compactive
effort) it would be somewhat imprudent to conclude that the two devices, kneading and
gyratory, yield similar specimens in terms of air void content, particle orientation and/or
strength. A much more comprehensive experiment that includes a strength and/or
performance test would be required to quantify the differences between these Superpave
and Hveem mixes as well as the attendant compaction devices. Still, data from this
experiment suggest that there may be a gyratory compaction protocol that is equivalent to
the current kneading compaction protocol as measured by air void content. Though time
consuming and somewhat tedious, it is only by continuing to evaluate parallel mix designs
(both in the lab and the field) that WSDOT can rationally assess the technical merit and

cost-effectiveness of the Superpave technology. Furthermore, continued use of the gyratory
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to compact production mix at the project site is the logical approach to assess its suitability

for QC/QA purposes.

3.5.3 Performance of Field Projects

As noted previously, Washington DOT has placed 44 projects which involve some
component of the Superpave technology. For 18 of the projects (approximately 160 km) a
conventional Hveem mix design was conducted using a PG binder (Hveem-PG). The
remaining 26 projects (approximately 250 km) were truly Superpave, i.e., the materials
selection and mix design were established in accordance with the Asphalt Institute's SP-2,
Superpave Level 1 Mix Design. The field performance data for these projects, extracted
from the WSPMS, may be found in Appendix E.

The descriptive statistics for the field projects are summarized in Table 3-21 and
Figure 3-12.  According to WSDOT practice the following numerical indices trigger
maintenance: Pavement Structural Condition (PSC) < 50; rutting > 10 mm: or international
Roughness Index (IRI) = 500 cm/km. Considering the data in aggregate, all 44 projects are
performing quite well. The average values of rutting, PSC and IR {4, 91 and 121,
respectively) are all well below the “trigger” values. As is evident from the data in Table 3-21
and Figure 3-12, Hveem-PG projects are performing comparably to the Superpave projects.
Note that the average values of rutting, PSC and IR| for the Hveem-PG binder projects are
3, 93 and 103, respectively; and for the Superpave projects 4, 89 and 134, respectively.
With respect to rutting and PSC, the performance is virtually identical. Note, however that
the ride quality of the Superpave projects is a bit rougher than that the Hveem-PG binder
projects: IRI of 134 for the former and 103 for the latter. Note also, that the ride quality of
the Superpave projects, as measured by IRI is more variable. The coefficients of variation

for the Superpave and Hveem-PG projects are 55% and 18%, respectively. The higher and
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Table 3-21.

Descriptive Statistics for Field Performance Data

Condition Index

Rutting IRI
{(mm) PSC (cmikm)
minimum 1 38 66
maximum 11 100 391
All Projects !
mean 4 o} 121
(44) !

sD 2 13 : 60

CV (%) 62 14 49

minimum 1 66 656
maximum 10 100 135

Hveem-PG an 3 03 103

me
(18)

SD 8 19

CV (%) 64 18

minimum 1 38 69

s maximum 11 100 391
up:zg:;ave mean 4 a9 134
3D 2 15 74

CV (%) 60 17 55

SD = standard deviation
CV = coefficient of variation
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Field Performance Data - Mean Values

140
120
100

60
40

Numerical Condition

80

20

All Projects "Hveem w/ PGL Superve

“-'Rutting (mm)| _'PSC Il 'RI (cmkm)

Figure 3-12. Mean Values of Rutting, PSC and IRI
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more variable IRI of the Superpave projects may be the result of the typically coarser
aggregate gradation.

Shown in Figures 3-13, 3-14 and 3-15 are frequency distributions for rutting, PSC
and IR}, respectively. The data presented in these figures allow a closer and more
quantitative evaluation of the filed performance data. As shown in Figure 3-13, both the
Hveem-PG and Superpave projects are performing quite well: measured rutting on 100% of
the projects is below the 10 mm criterion.  Similar performance is shown for PSC in Figure
3-14: 100% of the Hveem-PG binder and 96% of the Superpave projects exceed the 50
criterion. In terms of ride quality the Hveem-PG binder and Superpave projects show
comparable performance. As shown in Figure 3-15, 100% of the Hveem-PG and 96% of the
Superpave projects have IRI below the 500 threshold. A closer look at the data extracted
from the WSPMS reveals, however, some isolated problems with longitudinal cracking

(contract numbers 5544, 5606, 5645 and 5677) and flushing (contract number 5240).

3.6 Specific Gravity in Superpave (G,, and G,

Since specific gravity (of aggregate and theoretical maximum of the mix) is a parameter used
in the computation of key HMAC volumetric properties and WSDOT test methods were
different from those included in Superpave, a small laboratory study was conducted to
assess the effects on mix design. Currently, WSDOT test methods for bulk specific gravity of
aggregate (G,;) and theoretical maximum of mix (G,,,) are variations of AASHTO T85 and
T209, respectively. For specific gravity of coarse aggregate WSDOT uses approximately
1000g of material from one stockpile that passes the 12.5 mm sieve and is retained on the
9.5. The Superpave procedure (AASHTO T85) requires a 3000 g sample of coarse

aggregate, i.e., material that would be retained on the 4.75 mm sieve. Shown in Figures 3-

16 and 3-17 are the results of the experiment,
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Aggregates from 13 pits and 3 classes of mix (Class A, B and E) were included in
the experiment. As shown in Figure 3-16, with only 1 exception (which appears to be an
outlier) the results suggest that there is very little difference between the bulk specific
gravities determined from the Superpave and WSDOT test methods. There is no consistent
trend in the data, i.e., that the WSDOT method yields a bulk specific gravity of coarse
aggregate (Gqp) that is consistently higher or lower than the Superpave method. However,
the VMA and VFA data in Figure 3-17 indicate that there is a consistent trend (at least for
the Class A mixes) with the WSDOT test method far bulk specific gravity. Generally the
VMA and VFA calculated with the WSDOT-determined Gy, is higher than that computed with
Superpave-determined Gg,. Since VMA and VFA are included in Superpave mix design
criteria it seems prudent to employ the designated test procedure for coarse aggregate
specific gravity (T85), regardless of mix class, to permit a rationale comparison of the Hveem
and Superpave mix design approaches.

The Superpave procedure to determine theoretical maximum specific gravity (Gum)
is described in AASHTO T209 and the WSDOT procedure in WSDOT Test Method 705.
There are two essential differences in the two procedures: sample preparation and
pycnometer size. In WSDOT Test Method 705 the sample used to determine theoretical
maximum specific gravity has first been compacted, bulked (i.e., G, determination), tested
for Hveem stability and then reheated to facilitate separation of the hot mix into particles not
larger than 6.5 mm. In the Superpave procedure the hot mix sample is prepared exclusively
for determination of theoretical maximum specific gravity, i.., it is not compacted, tested for
strength and subsequently re-heated. In addition, WSDOT’s method employs a giass
pycnometer with a capacity of approximately 1300 g, whereas the Superpave metal
pycnometers have a capacity of nearly 6000 g.

To quantify the effect of pycnometer size WSDOT gathered hot mix samples from

several projects and determined theoretical maximum specific gravity of each. Shown in
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Figure 3-18 are the results from contract 4250 with the AR4000W binder. Note that there
is no consistent trend in the data. The means and standard deviations were virtually
identical. average Gnm were 2.506 and 2.505 for the WSDOT (small pycnometer) and
Superpave (large pycnometer), respectively. The standard deviation for both was 0.01.
Shown in Figure 3-19 are results from contracts 4250 and 4201. These data include Gy,
measurements on 3 binders and tend to confirm that the size of the pycnometer has very
little effect on the Gnm determination.

To assess the other major difference between the WSDOT and Superpave methods
for Gm determination, i.e., reheating the hot mix sample, materials from contracts 4201 and
4250 were evaluated in two conditions: original — immediately after plant production; and
reheated after nearly 4 months of ambient storage. As shown in Figure 3-20, Gmm
measurements made on samples made in the headquarters laboratory indicate that there
is virtually no difference between original and reheated samples. The results are within the
0.018 tolerance for single operator precision. However, the G, data generated from field
samples shown in Figure 3-21 are much more variable. All exceed the acceptable tolerance
except that from contract 4201 and reflect the inherent variability of plant mixing. Note also
that the reheated samples yield consistently higher values for G, likely the result of

additional asphalt absorption that occurs with time and reheating.
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Figure 3-18. Theoretical Maximum Specific Gravity for Contract 4250 - WSDOT vs
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4. Miscellaneous Studies

41 Reclaimed Asphalt Pavement (RAP)

As originally drafted the Superpave method of mix design did not contain
recommendations for RAP. However, subsequent work by the FHWA’s Mix Expert Task
Group (ETG) led to the current guidelines for the inclusion of RAP in Superpave mix design
as shown in Table 4-1. WSDOT typically allows as much as 20% RAP in HMA for which no
adjustment of binder grade is required. If more than 20% RAP is used, the recovered RAP
binder is combined with the new binder. The blend is then evaluated in accordance with
appropriate specifications. To assess the applicability of these new guidelines to its current
practice limited testing was undertaken by WSDOT.

WSDOT began by sampling RAP from several projects. From the RAP the binder
was extracted, recovered, and tested for absolute viscosity. As expected, the results shown
in Figure 4-1 indicate that binders recovered from RAP have quite variable properties: the
approximate mean, standard deviation and coefficient of variation were 23,000 Poise,

11,000 Poise, and 48 percent, respectively.

Table 4-1. Guidelines for RAP Use in Superpave Mix Design (FHWA, March 1997, NCAT,

1996)
Percent of RAP by
Total Weight of Mix Recommendation
< 15% RAP No adjustment in binder grade is recommended.

The selected binder grade for the new asphalt binder is one
grade lower for both the high and low temperature than the
16% to 25% grade required for a virgin binder. For example, if the specified
grade for a virgin mix is PG 64-22, the recommended binder in
the recycled mix would be PG 58-28.

> 259, The binder grade for the new asphalt binder is selected using
° an appropriate blending chart for high and low temperatures.

74



Viscosity of Recovered Asphalt Cement

50,000

40,000 - -

30,000 |- I SRREEEEE
Mean = 23,125

20,000 [l W

10,000 [ B B B

Viscosity at 60°C (Poise)

0

1 2 3 4 5 6 7 8

Sample Number

Figure 4-1. Viscosity of Binders Recovered from RAP

Additionally, WSDOT tested two commonly used PG binders {with and without
binder recovered from RAP) in accordance with AASHTO PP6. The binders tested included
the following: PG 64-28; PG 64-28 with 10% RAP; PG 64-28 with 20% RAP; PG 64-34; and
PG 64-34 with 20% RAP. The results are shown in Figures 4-2 and 4-3.

Note from Figures 4-3a and 4-3b that all the originai and RTFO aged binders met the
minimum requirements at a test temperature of 64°C. From the BBR data shown in Figure
4-3a, only the PG 64-28 exceeds the maximum stiffness at any of the test temperatures (i.e.,
at-24°C). From the BBR data shown in Figure 4-3b, the PG 64-28 with 10% RAP and PG
64-28 with 20% RAP fail at -18°C, as does the PG 64-28 at -24°C. A summary of this limited
testing may be clearly seen in Table 4-2. In view of the preceding test data WSDOT's

current practice, i.e., no adjustment in binder if the RAP does not exceed 20%, seems

appropriate.
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Figure 4-2a. DSR Data on Original Binders

G*/sin § (kPa)

DSR Data
(RTFO Aged Binder)

R kPa

58 64 70
Test Temperature (°C)

| BPG 64-28 VIRGIN |
| BIPG 64-28 w/ 10% RAP |
| GPG64-28 w/ 20% RAP |

|
|

BIPG 64-34 VIRGIN
HPG 64-34 w/ 20% RAP

Figure 4-2b. DSR Data on RTFO Aged Binders
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Table 4-2. Summary of Binder Testing

PG Percent RAP Meets PG
0 64-28
64-28 10 64-22
20 64-22
0 64-34
64-34
20 64-28

4.2 Ignition Furnace

Though not a part of the Superpave technology NCAT's ignition method for the
determination of asphalt content was introduced about the same time that the SHRP results
emerged. Accordingly, it is included herein. Briefly, the asphalt cement in a sample of HMA
is burned by ignition at approximately 538°C. The asphalt content is calculated from the
mass of aggregate, with compensations for aggregate loss, moisture content and change
in mass of the sample container. With the inevitable elimination of volatile solvents because
of such issues as employee safety, material disposal and cost, the ignition method is very
appealing.  Furthermore, the time required for asphalt content determination is
approximately the same as that needed for the traditional procedures (hot solvent with TCE:
nuclear gauge with bio-degradable solvent).

Again, WSDOT began enthusiastically but cautiously by comparing asphalt content
determinations from the ignition and nuclear gauge methods. The data from this limited
testing are summarized in Table 4-3 and Figures 4-4 to 4-6.

The data shown in Figure 4-4 and 4-6 indicate that the nuclear gauge typically yields
a higher value for asphalt content than does the ignition furnace. However, the results for
the P200 determination (Figure 4-5) are not consistent and are much more variable. The

data included in Table 4-3 represent WSDOT's initial trials with the ignition furnace and
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Table 4-3. Summary Data on Asphait Content and P200

Ignition Furnace Nuclear Gauge Field

c gé‘ j and B“? C g
S|la |8l aix|8| a3
£ n O E w O £ %) &

PitV-35 | 56| 029 | 53 |68 |017 | 29

Asphalt Content (%) |PitZ-157 | 50 | 027 | 54 | 56 | 022 | 40 | 54| 0.18

P200 (%) PitZ-157 149 | 071 | 143 1 48 | 0.76 | 15.8

SD = standard deviation
CV = coefficient of variation
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Figure 4-4. Asphalt Content Determination (Pit V-35)
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Figure 4-5. P200 Determination (Pit V-35)
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suggest that there is room for improvement. Still, the WSDOT results compare favorably

to the round robin test data gathered by NCAT, shown in Table 4-4.

Table 4-4. Round Robin Test Data Reported by NCAT

Standard Deviation (within lab)

Solvent Nuclear Ignition

Extraction Gauge Furnace
Asphalt Content (%) 0.21 0.16 0.04
P200 (%) 0.48
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5. Conclusions and Recommendations

As noted in previous chapters, WSDOT has experimented with selected components
and concepts of the SHRP/Superpave technology to include the following: performance
graded (PG) binder usage and specification validation; gyratory mix design; the Superpave
Shear Test (SST); and field performance of Superpave mixes.
Noteworthy conclusions with respect to the SHRP/Superpave technology are as
follows:
« Binders typically specified by WSDOT (AR4000W and PBA-2, -5, -6 and -6GR)
were classified in terms of five Superpave performance grades: PG 58-22;
64-22, 64-28, 64-34; and 70-28.

¢ Although data from 171 weather stations suggest that as many as 6 low- and 5
high-temperature grades could be specified, binder availability and regional
pavement distress were used to develop guidelines for state-wide PG usage.
Three binders were recommended for use in the western, northeastern and
southeastern regions of the state as follows: PG 58-22, PG 58-34 and PG 64-28,
respectively.

« Validation of the binder specification with respect to low temperature cracking

was accomplished using binder and field performance data from 28 projects.
The results were very encouraging: The original SHRP algorithm for binder
selection correctly “predicted” field performance in 22 of 28 cases, whereas the
LTPP algorithm SHRP algorithm for binder selection correctly “predicted” field
performance in 26 of 28 cases.

* A laboratory experiment using the Superpave Shear Test (SST) apparatus was

undertaken to test the effectiveness of binder “bumping,” i.e., increasing the high

temperature grade because of exceptionally high traffic volume and/or slow or
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standing traffic. The data clearly indicate that the SST is an effective tool for
discriminating between binders and that “bumping” may be effective in reducing
pavement rutting. Permanent shear strain for specimens made with a PG 70-xx
binder was only 25 to 33% of the shear strain for specimens made with a PG 58-
xx binder.

With regard to aggregate consensus criteria, nearly 33% of all WSDOT mixes
failed the coarse aggregate angularity criterion. WSDOT has since adjusted its
requirements: specifying a minimum of 90% fractured faces for 19 mm (or
smaller) mixes and 50% for larger mixes. Elsewhere, WSDOT has since
adopted the following requirements for all mixes: a minimum 45% for fine
aggregate angularity and 10% maximum for fiat and elongated particles.
WSDOT’s minimum sand equivalent of 45% compares favorably to the
Superpave criterion at all but the highest traffic level. For design ESALs which
exceed 30 million the Superpave specifies a minimum sand equivalent of 50%.
At this time WSDOT has no plans to change its requirements.

As originally configured, the Superpave mix design matrix included seven traffic
levels and four temperature regimes for 28 possible compaction levels.
Recognizing that the 28 compaction levels made for a somewhat unwieldy
system WSDOT attempted to reduce the number of compaction levels by
conducting a series of mix designs at each compaction level. The results of the
limited experiment suggest that it might be possible to limit the number of
compaction levels required for mix design. Research by Brown et al. (NCHRP
9-9) tends to confirm this as they have suggested reducing the number of
compaction levels and provided more definitive guidance with respect to each.
Parallel Hveem and Superpave mix designs for 17 field projects yielded similar

design asphalt contents. In 13 of 17 cases, the Superpave design asphalt
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content was equal to or greater than the Hveem design asphalt content, though
the difference was usually no more than 0.2%. In addition, data from these field
projects indicate that the current kneading and gyratory compaction protocols (at
least for 102 gyrations) yield similar air void contents.

+ In 18 of the 44 field projects a conventional Hveem mix design was conducted
using a PG binder (Hveem-PG). The remaining 26 projects were truly
Superpave, i.e., the materials selection and mix design were established in
accordance with the Asphalt Institute's SP-2, Superpave Level 1 Mix Design.
Field performance, as measured by rutting, PSC and IR|, indicates that all the
projects, though relatively “young” are performing quite well. With respect to
rutting and PSC performance of the Hveem-PG and Superpave projects was
virtually identical. For the Superpave projects a higher and more variable IRI
was measured.

¢ A limited study of WSDOT's current practice concerning the inclusion of RAP
indicates that no adjustment in binder grade is needed for mix design if the RAP
does not exceed 20%.

e Although not part of the Superpave technology, the ignition method for the
determination of asphalt content was introduced about the same time that the
SHRP results emerged. The limited data suggests that the nuclear gauge
typically yielded a higher value for asphalt content than did the ignition furnace.
Results for P200 {i.e., 0.075 mm) were inconsistent and much more variable.
Still, WSDOT's results compared favorably to round robin test data gathered by
NCAT.

WSDOT's Superpave experience has not been without challenges. Still, its overall

experience has been very positive. In view of the preceding the following recommendations

are made;
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Currently, WSDOT test methods for bulk specific gravity of aggregate (G} and

theoretical maximum specific gravity (Gmm) differ slightly from those

recommended in the Superpave protocol. Since computations for VMA and VFA

are included in Superpave mix design criteria it seems prudent to employ the

designated test procedure to permit a rationale comparison of the Hveem and

Superpave mix design procedures.

Continued experimentation with the revised compaction matrix and aggregate

consensus properties outlined in Brown et al is encouraged.

To help WSDOT make a critical assessment of Superpave’s technical merit and

economic viability consider the following:

s more extensive use of the SST for mix design and analysis, performance
prediction and forensic studies;

v field validation of the “binder bumping” experiment;

v development of a plan/protocol which incorporates the use of the Superpave
gyratory compactor for field quality control; and

v continued long-term monitoring of the performance of Superpave projects

and thorough documentation of construction practices.
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Appendix B

Models Incorporated in LTPPBIND Software

SHRP Models

In order to compute the design pavement temperatures required in the PG binder
grade selection process, SHRP used an equation contained in the SHRP-A-648A report,
which relates design air temperature to design pavement temperature for both high and low
design air temperatures. The high design pavement temperature is determined 20 mm
below the layer surface, while the low design pavement temperature is determined at the
layer surface.

The high pavement surface temperature is based upon net heat flow at the

pavement surface:

Net heat flow - [direct solar radiation] + [diffuse radiation] x [convection] x [conduction]

- [black body radiation]

Energy balance at the pavement surface is a transient phenomenon, continually
changing with changing climatic conditions. For the purpose of calculating pavement
surface temperature during the hottest 7-day period of the year, solar absorption, radiation
transmission through air, atmospheric radiation, and wind speed were set at the following

typical values:

Solar Absorption 0.90
Transmission Through Air  0.81

Atmospheric Radiation 0.70



Wind Speed 45mls

The resulting energy balance is non-deterministic. The equation contains latitude, with air
temperature and surface temperature raised to the fourth power, requiring a trial and error
solution. Using results of a theoretical analysis (see reference at the end of this section) and
five data bases of actual measured air and pavement temperature combinations, a
deterministic equation was developed relating temperature difference between surface and

air to latitude.

T(surf) - T(air) = -0.00618 lat® + 0.2289 lat + 24.4

where T(surf) and T(air) are in C and the latitude, lat is in degrees.

Below the pavement surface, the temperature is predicted using heat flow models
contained in the Federal Highway Administration's Environmental Effects Model. During the
hottest 7-day period in the heat of the day, pavement surface temperature is increasing and
heat flows downward into the pavement. Using data from the temperature data bases, an

equation was developed that expresses the change in temperature with depth:

T(d) = T(surf) (1 - 0.063 d + 0.007 d” - 0.0004 d°)

where T(d) and T(surf) are in F and the depth, d, is in inches.
For low temperature, the surface temperature was assumed to be equal to the air
temperature. An equation was developed for the change in temperature with depth for low

temperature as follows:

T(d) = T(air) + .051 d - .000063 d*



where T(d) and T(air) are in C and the depth, d, is in mm.

LTPP Models

The LTPP models are empirical models developed from LTPP seasonal monitoring
data (ref. 1). These models relate pavement temperatures (low and high) to air temperature,
latitude, and depth. For more information on the LTPP models see reference 5. References

6 and 7 also contain similar information.
LTPP Low Pavement Temperature Model

Tpav = -1.56 + 0.72 Tair - 0.004 Lat? + 6.26 log10(H+25) - z ( 4.4 + 0.52 Sair* )*°

Where:
Tpav Low AC pavement temperature below surface, °C
Tair Low air temperature, °C
Lat  Latitude of the section, degrees
H Depth to surface, mm
Sair Standard deviation of the mean low air temperature, °C
z Standard normal dist. table, z = 2.055 for 98% reliability

Statistics: R2 =96%, N =411, SEE = 2.1
LTPP High Pavement Temperature Model

Tpav = 54.32 + 0.78 Tair - 0.0025 Lat? - 15.14 log10(H+25) + z (9 + 0.61 Sair* )*°



Where:

Tpav High AC pavement temperature below surface, °C

Tair  High air temperature, °C

Lat Latitude of the section, degrees

H Depth to surface, mm

Sair  Standard deviation of the high 7day mean air temperature, °C

Fd Standard normal dist. table, z = 2.055 for 98% reliability

Statistics: R2 =76%, N =309, SEE=3.0
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