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FOREWORD

By Staff
Transportation Research
Board

This report presents the findings of a research project to determine whether the
restricted zone requirement is necessary for aggregate gradations designed in accor-
dance with AASHTO MP2 and PP28 if mix volumetric and fine aggregate angularity
criteria are met. Its main finding is that, based on an evaluation of the performance
properties of hot mix asphalt, the restricted zone requirement is redundant in these cir-
cumstances. The report will be of particular interest to materials engineers in state
highway agencies, as well as to materials suppliers and paving contractor personnel
responsible for the specification and production of hot mix asphalt.

In developing the Superpave mix design method, the Asphalt Research Program
(1987-1993) of the Strategic Highway Research Program (SHRP) primarily targeted
the properties of asphalt binders and hot mix asphalt (HMA) and their effects on pave-
ment performance. Other than asphalt-aggregate adhesion and its consequences to
moisture damage, the study of the aggregate’s contribution to pavement performance
was purposefully excluded from the program. Y et, SHRP researchers were required to
produce an aggregate gradation specification without the benefit of experimentation to
support or verify its formulation.

Inlieu of aformal research program, agroup of acknowledged expertsin the areas
of aggregate production and behavior and HMA mix design devel oped, through the use
of amodified Delphi approach, the set of recommended aggregate properties and cri-
teria that appeared in the original Superpave mix design method. These criteria
included a restricted zone in the gradation; the zone lies along the maximum density
line between the intermediate size (either 4.75 or 2.36 mm, depending on the nominal
maximum size of the aggregate) and the 300-m size and forms a band through which
it usually was considered undesirable for a gradation to pass. The original intention of
including arestricted zone, which particularly affects (1) the use of natural sands that
may be rounded or have a limited size distribution and (2) the allowable ratio of the
fine sand fraction (150 to 600 m) to the total sand (passing 2.36 mm), wasto help reduce
the incidence of tender or rutting-prone HMA. Although the restricted zone was pre-
sented in the Superpave mix design method as a guideline, it often has been imple-
mented by specifying agencies as a requirement for the design of acceptable HMA.

In the experience of many agency engineers and materials suppliers, however, it
has been found that compliance with the restricted zone criterion was neither desirable
nor necessary in every instance to produce well-performing HMA mix designs. For
example, when aggregate particles in the size range of the restricted zone are highly
angular (i.e., have high fine aggregate angularity [FAA] values), it is likely that high-
quality, rut-resistant, nontender paving mixes can be produced regardless of whether
the gradation passes through the restricted zone. Furthermore, there are many known
examples of aggregate gradations passing through the restricted zone that produce well-
performing HMA.



Under NCHRP Project 9-14, “Investigation of the Restricted Zone in the Super-
pave Aggregate Gradation Specification,” the National Center for Asphalt Technology
at Auburn University was assigned the task of determining under what conditions, if
any, compliance with the restricted zone regquirement is necessary when an HMA mix
design meets all other Superpave mix volumetric and FAA criteria for a paving proj-
ect. The research team (1) conducted a literature search and critical review of the use
and effectiveness of therestricted zone and (2) carried out a program of laboratory test-
ing to determine the impact of the restricted zone requirement on HMA performance.

Thethree-part laboratory testing program compared the performance of HMA mix
designs measured with three independent mechanical property tests: the Asphalt Pave-
ment Analyzer, alaboratory wheel-tracking device; the repeated load confined creep
test; and the repeated shear at constant height test. The testing program included the
following experimental factors:

A PG 64-22 asphalt binder;

Two coarse aggregates—a crushed granite and a crushed gravel;

Ten fine aggregates with FAA values between 38 and 50;

Nominal maximum aggregate sizes of 9.5 and 19 mm;

Compaction levels of 75, 100, and 125 gyrations; and

Five gradation types—above, below, and through the restricted zone (ARZ, BRZ, and
TRZ); humped through the restricted zone (HRZ); and crossover through the restricted
zone (CRZ).

With afew exceptions requested by the project panel and described in the report,
performance testing was only conducted on HMA mix designs that met all Superpave
mix design criteria, except the restricted zone requirement.

The research team found that HM A mixes meeting Superpave mix volumetric and
FAA requirements with gradations passing through the restricted zone performed sim-
ilarly to or better than mixes with gradations passing outside the restricted zone. The
team concluded that the restricted zone requirement is not necessary to ensure satis-
factory performance when all other relevant Superpave design requirements are met,
and it recommended changesto AASHTO MP2 to implement this finding.

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

» Appendix A: Review of Literature Relevant to the Restricted Zone,

» Appendix B: Compacted Aggregate Resistance Test;

» Appendix C: Volumetric Mix Design and Performance Datafor Part 1;

« Appendix D: Volumetric Mix Design and Performance Data for Part 2; and
» Appendix E: Volumetric Mix Design and Performance Data for Part 3.

The entire final report will also be distributed as a CD-ROM (CRP-CD-10) along
with task and fina reports for NCHRP Projects 9-10 and 9-19. The research results
have been referred to the TRB Mixtures and Aggregate Expert Task Group for its
review and possible recommendation to the AASHTO Highway Subcommittee on
Materials for revision of the applicable specifications and recommended practices.
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THE RESTRICTED ZONE IN THE SUPERPAVE

SUMMARY

AGGREGATE GRADATION SPECIFICATION

The aggregate specification for Superpave® hot-mix asphalt (HMA) mixtures
includes arestricted zone that lies along the maximum density gradation between the
intermediate size (i.e., either 4.75 or 2.36 mm, depending on the nominal maximum
size of the aggregate) and the 0.3-mm size. The restricted zone forms a band through
which gradations were recommended not to pass. The restricted zone requirement was
adopted in Superpave to reduce the incidence of tender or rut-prone HMA mixes.
Although the restricted zone was included in Superpave as a recommended guideline
and not asarequired specification, some highway agenciesinterpret it asarequirement.

According to many asphalt paving technol ogists, compliance with the restricted zone
criteriamay not be desirable or necessary to produce paving mixes that give good per-
formancein terms of rutting. Some highway agencies and suppliers can provide exam-
ples of aggregate gradations that pass through the restricted zone, but produce paving
mixes that have performed well.

This research project was undertaken to evaluate the effect of the Superpave
restricted zone on permanent deformation of dense-graded HMA mixtures on the
basis of a statistically planned and properly controlled laboratory experiment. The
project’s primary objective was to determine under what conditions, if any, compli-
ance with the restricted zone requirement is necessary when HMA meets all other
Superpave requirements such asfine aggregate angularity (FAA) and volumetric mix
criteriafor the specific project.

The following factors were eval uated: two coarse aggregates, ten fine aggregates,
two nominal maximum size mixes (i.e., 9.5 and 19.0 mm), five aggregate gradations,
and three compactive efforts (i.e., Ngesgn = 75, 100, and 125). Of the five gradations
used, three pass through the restricted zone and two (i.e., the control group) fall out-
side of the restricted zone. Permanent deformation characteristics of mixes meeting
Superpave volumetric requirements were evaluated by two different types of tests:
empirical and fundamental. For the empirical test, the Asphalt Pavement Analyzer
was used. The Superpave shear tester and a repeated load confined creep test were
used as fundamental tests. Test results from the three mechanical tests were analyzed
statistically to evaluate the effect of the five gradations on permanent deformation of
the HMA mixtures.



Mixes meeting Superpave and FAA requirements with gradations that violated the
restricted zone performed similarly to or better than the mixes having gradations pass-
ing outside the restricted zone; therefore, the restricted zone requirement is redundant
for mixes meeting all Superpave volumetric parameters and the required FAA. It has
been recommended to delete references to the restricted zone as either a requirement
or aguidelinefrom the AASHTO specification (AASHTO MP2) and practice (AASHTO
PP28) for Superpave volumetric mix design.




CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

PROBLEM STATEMENT AND
RESEARCH OBJECTIVE

The Strategic Highway Research Program’s (SHRP's) as-
phalt research was aimed at the properties of asphalt binders
and paving mixes and their effect on asphalt pavement perfor-
mance. The study of aggregate properties (including grada-
tion) wasintentionally excluded from the asphalt research pro-
gram. Y et, the SHRP researchers had to recommend a set of
aggregate properties and an aggregate gradation specification
without the benefit of experimentation so that acomprehensive
Superpave mix design system could be formul ated.

SHRP formed an Aggregate Expert Task Group (ETG)
consisting of 14 acknowledged aggregate experts. Inlieu of a
formal aggregate research program, the Aggregate ETG used
amodified Delphi approach to develop a set of recommended
aggregate properties and criteria that are now included in the
Superpave volumetric mix design method (AASHTO MP2
and PP28). The Delphi process was conducted with five
rounds of questionnaires. The final recommended aggregate
gradation criteria included control points between which
the gradation must fall, as well as a restricted zone that lies
along the maximum density line (MDL) between the inter-
mediate size (i.e., either 4.75 or 2.36 mm, depending on the
nomina maximum size of the aggregate in the mix) and the
0.3-mmsize.

Although therestricted zone wasincluded in Superpave as
arecommended guideline and not asarequired specification,
some highway agencies have interpreted it as a requirement.
Many asphalt technol ogists believe that compliance with the
restricted zone criteria may not be desirable or necessary in
every case to produce asphalt mixes with good performance.
If highly angular aggregates are used in the mix, it is likely
that the mix will not exhibit any tenderness during construc-
tion and will berut-resistant under traffic regardl ess of whether
its gradation passes through the restricted zone. The Georgia
Department of Transportation (DOT) has used such mixes
successfully for many years. Some asphalt technologists also
guestion the need for the restricted zone when the mix hasto
meet volumetric properties such as minimum voids in the
mineral aggregate (VMA) and specified air void contents at
Ninitiat» Noesign: @0 Ninaimum gyrations.

This research was carried out to evaluate the effect of
restricted zone on mix performance on the basis of a sta-

tistically planned and properly controlled experiment. The
research’s primary objective was to determine under what
conditions, if any, compliance with the restricted zone
requirement is necessary when the hot-mix asphalt (HMA)
meets all other Superpave requirements such asfine aggre-
gate angularity (FAA) and volumetric mix criteria for the
specific project.

SCOPE OF STUDY

The following tasks were conducted in two phases to
accomplish the objective of this study.

Phase |

Thetasksin Phase | were asfollows:

* Task 1: Conduct a literature search and review of in-
formation relevant to the basis, use, and effect of the
restricted zone.

* Task 2: Select materias (i.e., coarse aggregates, fine
aggregates, and asphalt binder) for use in this study. A
wide range of material properties should be evaluated.

* Task 3: Develop aresearch plan that utilizes a labora
tory investigation to determine under what conditions,
if any, the restricted zone requirement is necessary to
ensure satisfactory HMA performance.

* Task 4: Prepare an interim report that documents the
work accomplished in Tasks 1 through 3 and provides
the detailed work plan for Phase 1.

Phase Il

The tasksin Phase Il were as follows:

* Task 5: Execute the research plan approved in Phase .
Analyze dataand draw conclusions based on test resuilts.
* Task 6: Develop arecommended experimental plan and
budget for a separate project to extend the analysis to
other traffic levels and mixture types. (This additional
work has been accomplished and is part of this final

report.)



* Task 7: Submit afina report that documents the entire
research effort. Thereport will include aplan for extend-
ing the results of this study and an implementation plan
for moving the research results into practice.

RESEARCH APPROACH

Theresearch approach for this project included reviewing
literature relevant to the restricted zone (see Appendix A),

selecting a variety of coarse and fine aggregates of differ-
ent mineralogical compositions and angularities, conduct-
ing Superpave volumetric mix designs using gradations
both conforming to and violating the restricted zone, con-
ducting performance tests on mixtures meeting Superpave
volumetric and FAA criteria, and analyzing therelative per-
formance of mixesto determine whether the restricted zone
requirement is necessary in Superpave for ensuring better
performance.




CHAPTER 2
EXPERIMENTAL PLAN

SELECTION OF MATERIALS

Materias needed for this study consisted of coarse aggre-
gates, fineaggregates, and an asphalt binder. Two coarse aggre-
gates, ten fine aggregates, and one asphalt binder were selected.
The descriptions of the materials selected for this study along
with properties of the selected materials follows.

Coarse Aggregates

Two coarse aggregates were used. Selection criteria for
these two coarse aggregates were that they should come from
different mineralogical types and have different angularities
and surfacetextures. These criteriawere selected to ensure that
the coarse aggregates gave arange of properties. Selected
coarse aggregateswere acrushed granite and acrushed gravel.
The crushed gravel ispredominately composed of quartz. Both
of these sources were used in NCHRP Project 4-19, “Aggre-
gate Tests Related to Asphalt Concrete Performance in Pave-
ments.” Propertiesof thesetwo coarse aggregatesare provided
inTable 1.

Fine Aggregates

Becausetherestricted zoneis applied within the fine aggre-
gate sieve sizes, the shape and texture of the fine aggregates
are the most important factors affecting the performance of
HMA mixtures; therefore, the approach taken in identify-
ing and selecting fine aggregates for use in this study was
to select aggregateswith varying valuesof FAA. Alsoincluded
within the sel ection criteriawere mineral ogical composition
of the fine aggregates and type of crusher. Maximization of
thesethree criteriaensured using fine aggregates with awide
range of properties.

During the identification process, aggregates that have been
or are being used in controlled field pavement performance
studies were included. Field studies considered included
FHWA WesTrack, ICAR (at the International Center for
Aggregate Research), Pooled Fund Study No. 176 at Purdue,
and MnRoad.

A large database of FAA valueswas compiled to select the
nine fine aggregatesfor this study. This databaseincluded fine
aggregatesfrom Mississippi, Alabama, Georgia, Illinois, Min-

nesota, Virginia, Tennessee, Nevada, California, Louisiana,
North Carolina, Indiana, and lowa. FAA vaues within this
database ranged from alow of 38 to a high of 52.

The 10 selected fine aggregates, along with their miner-
alogical typeand FAA value (AASHTO T304), are provided
in Table 2. Six different mineralogical types were selected
and include natural sands, sandstone, dolomite, limestone,
granite, and diabase (i.e., traprock). FAA values of the ten
fine aggregates ranged from 38.6 to 50.3.

FA-10 wasincluded in this study based upon recommenda-
tionsfrom the project panel. Thisfine aggregate purposely had
aFAA valuebelow 40 (i.e., FAA =38.6). FA-10 wasincluded
to provide a “worst-case” reference point for comparing the
response variables described later in this report.

As can be seen from Table 2, awide range of FAA values
was selected. Asindicated in the approved work plan, three
compactive efforts were used during this study. These three
compactive efforts included medium, high, and very high.
The Superpave FAA requirement for the high and very high
compactive effortsis 45 percent voids. For the medium com-
pactive effort, the FAA requirement is 40 percent voids.
Because two of the three compactive efforts used in this
study require a minimum FAA value of 45, approximately
two-thirds (i.e., six) of the fine aggregates shown in Table 2
meet a FAA value of 45.

Additional testing on each fine aggregate is presented in
Table 3. This table presents the results of specific gravity
(AASHTO T84), sand equivalency (AASHTO T176), and
adherent fines testing. The procedure used to measure the
percent of adherent fines was a modified version of ASTM
D5711. This procedure calls for testing of aggregates larger
than 4.75 mm. Since the fine aggregates were the materials
inquestionfor thisstudy, ASTM D5711 wasfollowed except
testing was conducted on aggregates passing the 4.75-mm
(No. 4) sieve and retained on the 0.075-mm (No. 200) sieve.

Table 3 showsthat awide range of physical propertieswas
selected. Apparent specific gravities ranged from 2.614 to
2.973whilebulk specific gravitiesranged from 2.568 to 2.909.
All but three fine aggregates had water absorption values less
than 1.0 percent. The highest absorption valuewas 1.7 percent
for FA-8. An interesting observation from Table 3 is that the
sand equivaency and percent adherent fines values appear to
be related. Generdly, as the adherent fines values increased,
sand equivalency values decreased.



TABLE 1 Coarse-aggregate properties

Test Procedure Crushed Granite
Gravel
Flat or Elongated 2:1 ASTM D4791 20 57
Flat or Elongated 3:1 ASTM D4791 2 11
Flat or Elongated 5:1 ASTM D4791 0 1
Flat and Elongated 2:1 ASTM D4791 40.1 64.3
Flat and Elongated 5:1 ASTM D4791 0 1.0
Uncompacted Voids (Method A) AASHTO TP56 41.7 47.0
Apparent Specific Gravity AASHTO T84 2.642 2.724
Bulk Specific Gravity AASHTO T85 2.591 2.675
Water Absorption, % AASHTO T85 0.7 0.6
Los Angeles Abrasion, % loss AASHTO T96 28 41
Coarse Aggregate Angularity ASTM D5821 100/92 100/100
% 1 Fractured Face, % 2 Fractured Faces
TABLE 2 Fineaggregates selected for study
Fine FAA | Mineralogical Comments
Aggregate | Value Type
FA-1 40.7 River Sand | Washed, uncrushed, river deposit comprised of
predominantly quartz, from Kentucky
FA-2 42.6 Quartz Sand |No processing, natural quartz river deposit with some
chert, from Tennessee
FA-3 441 Natural Sand | Uncrushed, natural quartz sand with some chert,
from Alabama
FA-4 49.7 Sandstone |Mined, cone crusher, from Alabama
FA-5 50.3 Dolomite  |Mined from Alabama
FA-6 46.9 Limestone |Mined, same source as FA-8 but crushed by impact
crusher, from Alabama
FA-7 48.9 Granite Mined, cone crusher, from Minnesota, used on MnRoad
FA-8 48.3 Limestone |Mined, same source as FA-6 but crushed by cone
crusher, from Alabama
FA-9 50.1 Diabase Mined, impact crusher, from Virginia
FA-10 38.6 Natural Sand | Dredged stream deposit from Mississippi

TABLE 3 Physical properties of fine aggregates

Fine Apparent Specific| Bulk Specific % Sand Adherent
| Aggregate Gravity Gravity Absorption | Equivalency, % | Fines, %
FA-1 2.614 2.610 0.2 100 0.1
FA-2 2.665 2.568 14 98 0.3
FA-3 2.664 2.638 0.4 95 0.2
FA-4 2.789 2.731 0.8 29 10.4
FA-5 2.856 2.822 0.5 61 32
FA-6 2.737 2.661 1.0 91 24
FA-7 2.742 2711 0.4 94 0.6
FA-8 2.777 2.648 1.7 100 2.1
FA-9 2973 2.909 0.8 59 7.5
FA-10 2.653 2.636 0.3 100 0.1




In addition to thetesting outlined in Tables2 and 3, the com-
pacted aggregate resistance (CAR) test was also conducted.
This test involves compacting the fine aggregate sample
in Marshall mold, testing its shear resistance by penetrating
a 1.5-in. (38-mm) diameter round bar with the Marshall
stability machine, and reading the peak load. The CAR test
isnot astandard test, so the method is provided in Appendix B.
Figures 1 and 2 present the CAR results.

Results of the CAR test appear to relate with the FAA
results. Generally, as FAA values increased, the peak loads
fromthe CAR test also increased. It isinteresting to note that
thefour uncrushed natural sands (i.e., FA-1, FA-2, FA-3, and
FA-10) all had the lowest peak loads in the CAR test. How-
ever, FA-7, with an FAA value of 48.9, also gave relatively
lower peak load in the CAR test.

Asphalt Binder

The asphalt binder selected was a Superpave performance-
based PG 64-22, which is one of the most commonly used
gradesinthe United States. Thisbinder is one of the National
Center for Asphalt Technology (NCAT) labstock asphalt
binders and has been used successfully on numerousresearch
projects. Properties of this asphalt binder are provided in
Table 4.

EXPERIMENTAL PLAN

Based on the review of literature (see Appendix A) and
properties of the selected materials, astatistically based, con-
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trolled laboratory experimental plan was developed with the
objective of determining under what conditions, if any, the
restricted zone requirement is necessary to ensure satisfac-
tory HMA performance when the FAA and the Superpave
mixture volumetric criteria are met.

Theliterature review identified anumber of variableswith
potential for inclusion in the experimental plan: crushed
versus uncrushed fine aggregates, compactive efforts during
mix design, volumetric properties, FAA values, and nominal
maximum aggregate size for gradations.

To achievethe primary objective of this study, anumber of
gradations using different aggregatetypes(i.e., coarseand fine
aggregates) were tried for mix design. These consisted of gra-
dations that both met and did not meet the restricted zone cri-
teria. These mixes were prepared at optimum asphalt content
and tested by performance-related, mechanical test methods.
Also, because the literature review suggested that the effect of
the restricted zone on mix performanceis different for aggre-
gates with different particle shape, angularity, and surface
texture, the experiment included a set of aggregates with a
significant range of shape and texture properties (i.e., FAA
values).

The overall research approach is shown in Figure 3. This
figure illustrates that the research effort was broken into
three parts to maximize the information obtained. During
Part 1, variablesincluded within the research were two coarse
aggregates, ten fine aggregates, one nomina maximum aggre-
gate size (NMAYS), five gradations, one asphalt binder, and
one compactive effort with the Superpave gyratory com-
pactor (SGC). Based on the results of Part 1, Part 2 involved a

CAR Resuits
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—~ 3000 et
M
S /"/./‘/v
= 2500 ]
(5]
]
= 2000
1500

1000

500

14 16 18 20 22 24 26

Flow (.01 in)

Figure 1. Results of CARtest for fine aggregates FA-1 through FA-5.



CAR Results
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Figure 2. Results of CARtest for fine aggregates FA-6 through FA-10.
TABLE 4 Properties of asphalt binder
Test Temperature Test Result Requirement
(9)
Unaged DSR, G*/sind (kPa) 64 1.85 1.00 min
RTFO-Aged DSR, G*/sind (kPa) 64 3.83 2.20 min
PAV-Aged DSR, G*sind (kPa) 25 4063 5000 max
PAV-Aged BBR, Stiffness (MPa) ~12 244 300 max
PAV-Aged BBR, m-value -12 0.301 0.300 min
NoTe:  DSR =dynamic shear rheometer;
RTFO = rolling thin film oven;
PAV = pressure aging vessel;
BBR = bending beam rheometer.
Part 2

Two Coarse Aggregates
Nine Fine Aggregates
Five 9.5 mm NMAS Gradations
One Asphalt Binder
One Compactive Effort

Coarse Aggregate (1 min.)
Fine Aggregates (4 min.)
9.5 mm NMAS Gradations (3 min.)
One Asphalt Binder
Two Compactive Efforts

l

Mix Design Work

Performance Testing on
Mixtures Meeting All
Volumetric Properties

L

A

Mix Design Work

Performance Testing on
Mixtures Meeting All
Volumetric Properties

Coarse Aggregate (1 min.}
Fine Aggregates (3 min.)
19.0 mm NMAS Gradations (3 min.)
One Asphalt Binder
Two Compactive Efforts

l

Mix Design Work

Performance Testing on
Mixtures Meeting All
Volumetric Properties

.

Analyze Results 1%

Determine Under What Conditions, if Any, Compliance
With the Restricted Zone Is Necessary

Figure 3. Overall research approach.



critical coarse aggregate (sensitive to the effect of different
fine aggregates on HMA performance properties), critical
fine aggregates (sensitive to the effect of different grada-
tions on HMA performance properties), and critical grada-
tions for the same NMAS (showing the most significant
effect on HMA performance properties) combined with the
same asphalt binder and designed using two different com-
pactive efforts with the SGC. In Part 3, the coarse aggre-
gate, fine aggregates, gradations (different NMAS), and
compactive effort were based on results from Parts 1 and 2.
The detailed work plans for the three parts are described as
follows.

Part 1 Work Plan

The work plan for Part 1 isillustrated in Figure 4. Factor-
level combinationsincluded in Part 1 consisted of two coarse
aggregates, ten fine aggregates, five 9.5-mm NMAS grada
tions, and one compactive effort. Of the five gradations used
in Part 1, three violated the restricted zone (VRZ) while two
resided outside the restricted zone (i.e., the control group).
These five gradations are given in Table 5 and illustrated in
Figure 5. The compactive effort used during Part 1 was that
for a20-year design traffic level of 3to 30 million equivalent
singleaxleloads (ESALS). Theinitial, design, and maximum

START Part |

Coarse Aggregates
- Granite & Crushed Gravel

gradation

Fine Aggregates Obtain Materials
FA-1 FA-5 FA-9 - Two Coarse Aggregates
FA-2 FA-6 FA-10 - Ten Fine Aggregates
FA-3 FA-7 - One Asphalt Binder
FA-4 FA-8
FA-10 only with HRZ _> Conduct Mix Designs

for All Combinations

9.5 mm NMAS
Ngeggn = 100 gyrations

A

HRZ gradation for only
Fine Aggregates with
FAA <45

\/

4

Gradations
-ARZ -HRZ
-BRZ -CRZ
-TRZ

A

I Age2 hrs @ 135°C |

Meet with
Project Panel

Y.

Y > Conduct Performance
Testing
Statistically Analyze
Data and Select Critical:
VRZ - Gradations Violating Restricted Zone Coarse Aggregate, Fine
Control - Gradations not Violating Restricted Zone Aggregates, Gradations
ARZ - Gradation Above Restricted Zone
BRZ - Gradation Below Restricted Zone
TRZ - Gradation Through Restricted Zone
Hump - Gradation Humped Through Restricted Zone From Top to Bottom (CRZ)
Crossover - Gradation Crossing Through Restricted Zone From Top to Bottom (CRZ)

Continue to

the restricted zone requirement.

** A minimum of four (4) fine aggregates and three (3) gradations will be
selected. Of the three gradations selected, at least one (1) will not violate

Part 2

Figure 4. Research approach for Part 1.
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TABLES5 9.5-smm NMASgradationsused in Parts 1 and 2

Sieve, mm BRZ ARZ TRZ HRZ CRZ
125 100 100 100 100 100
9.5 95 95 95 95 95
4.75 60 60 60 60 60
2.36 42 50 46 46 52
118 28 42 34 34 34
0.60 18 32 24 30 20
0.30 14 22 18 24 14
0.15 10 10 10 10 10
0.075 5 5 5 5 5

number of gyrations for this design traffic level are 8, 100,
and 160, respectively (see Table 6).

As seen in Figure 5, al five gradations follow the same
trend from the 12.5-mm sieve down to the 4.75-mm sieve.
From the 4.75-mm sieve, the BRZ (below the restricted
zone) gradation passes bel ow the restricted zone and above
the lower control points. The ARZ (above the restricted
zone) gradation passes above the restricted zone and below
the upper control points. These two gradations are desig-
nated the control gradations because they do not violate the
Superpave restricted zone. Figure 5 shows that the remain-
ing three gradations do viol ate the restricted zone. From the
4.75-mm sieve, the TRZ (through the restricted zone) grada-
tion passesamost directly along theMDL. TheHRZ (humped
through the restricted zone) gradation followsasimilar gra-

dation as the TRZ gradation down to the 1.18-mm sieve
where it humps on the 0.6- and 0.3-mm sieves and repre-
sents gradations generally containing alarge percentage of
natural, windblown sands. From the 4.75-mm sieve, the
CRZ (crossover through the restricted zone) gradation begins
abovetheregtricted zone on the 2.36-mm sieve but then crosses
through the restricted zone between the 0.6- and 0.3-mm
sieves. The CRZ gradation represents gradations that are
not continuously graded between 2.36-mm and 0.60-mm
sizes and generaly exhibit low mix stability. All five of the
gradationsthen meet at the 0.15-mm sieve and follow the same
trend down to the 0.075-mm sieve. A common material pass-
ing the 0.075-mm sieve (No. 200) sieve (P200) was used in
all HMA mixtures to eliminate P200 as a variable. Differ-
ent P200 material s stiffen the asphalt binder and HMA mix-

Part1 Gradations

8 Control Points ---- Resricted Zone —a— BRZ —e— ARZ —— TRZ —— Hump —e— Crossover

100

90_

80

70 1

60

50 1

40

Percent Passing, %

30 1

20

10 1

5

0.075 030 080 118 238

475 9.5 125

Sieve Size, mm

Figure5. Part 1 gradations.
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TABLE 6 Superpave design compactive effort and aggr egate consensus property requirements

Estimated Superpave % Gumm Aggregate Consensus Properties
Design Compaction Ninitial
Traffic Level Parameters’ Require-
(Million ment
ESALs)'
Coarse 4 ggre§ate Fine Aggregate Sand Flat and
Angularity Angularity’ Equivalent Elongated6
Value’
Ninitiat | Neesign” | Nmaximum <100mm | > 100 mm | <100 mm | > 100 mm All All
Mixtures Mixtures
<03 6 50 75 <915 55/- —- = = 40 R
03-3 7 75 115 <90.5 75— 50/— 40 40 40 <10%
3-10 8 100® 160 < 89.0 85/80 60/— 45 40 45 <10%
10-30 8 100° 160 <89.0 | 95/90° 80/75 45 40 45 <10%
>30.0 9 125 212 < 89.0 100/100 100/100 45 45 50 <10 %

for 20 years and choose the appropriate Nyeig, level.
21t is recommended that Superpave mixtures be compacted to Nyeign gyrations.

¢ Criterion based upon a 5:1 maximum-to-minimum ratio.

Niesign of 50 gyrations.

compaction level (75 gyrations).
° Dash means no requirement.

" Values shown are based upon 20-year equivalent single axle loads (ESALS). For roadways designed for more or less than 20 years, determine the estimated ESALs

*«85/80” denotes that 85% of the coarse aggregate has one fractured face and 80% has two or more fractured faces.
* Criteria are minimum presented as percent air voids in loosely compacted fine aggregate. Test is to be run in accordance with AASHTO TP-33.
*No distinction is made between depth from surface. Test is to be run in accordance with AASHTO T176.

"(a) Nyesign compactive effort is for typical traffic speeds. For slow/standing traffic, increase Nyegq, by one (1) traffic level or increase high-temperature binder grade
by one. (No changes in aggregate properties with increased compactive effort and do not exceed Ngesigq of 125 gyrations.)
(b) For pavement layers where the top of the design layer is more than 100-mm below the surface, decrease the compactive effort by one level, but not less than

8 Use for stone matrix asphalt (SMA). However, when the L.A. abrasion value for the aggregate used in SMA exceeds 30, consider dropping to the next lower

turesto adifferent degree and, therefore, affect the mix per-
formancetest results. A limestonefiller (which hasaRigden
voids value of 33.5 percent) was utilized as the P200.

Based on Figure 4, factor-level combinationswere designed
using an SGC (Ngesgn = 100 gyrations). | n accordance with rec-
ommendationsby the project pandl, FA-10 was combined with
the two coarse aggregates only for the HRZ gradation. The
project panel also recommended not combining fine aggre-
gates having an FAA value greater than 45 with the HRZ
gradation because the HRZ gradation is indicative of gra-
dations having a large percentage of natural rounded sand.
Natural rounded sands very rarely have FAA values greater
than 45. It was therefore deemed unnecessary to evaluate
HRZ gradations with fine aggregates having FAA values
greater than 45.

Part 2 Work Plan

The work plan for Part 2 was very similar to that of Part 1,
with two magjor differences. (1) fewer factor-level combina
tionsand (2) two different compactive efforts. Thefactor-level
combinationsincluded were onecritical coarse aggregate(i.e.,
granite), three 9.5-mmNMASgradations (i.e., BRZ, TRZ, and
CRZ), and two compactive efforts. The BRZ gradation was
included as the control gradation. For Part 2, the two com-
pactive efforts were equal to the medium and very high traffic
levelsfrom Table6 (i.e., Nuesgn = 75 and 125 gyrations, respec-
tively). Based upon the Part 1 mix design data and guidance

from the project panel, seven fine aggregates were investi-
gated in Part 2. For the lower compactive effort (i.e., Ngesign
= 75), mix designs were conducted for FA-2, FA-3, FA-4,
FA-6, FA-7, and FA-10. For the higher compactive effort
(i.e., Ngesgn = 125), mix designs were conducted for FA-4,
FA-7, FA-9, and FA-10. Similar to Part 1, FA-10 was only
used with the HRZ gradation.

Mix designs were conducted for all combinations of fine
aggregate, gradation, and compactive effort. Performance
testing was then accomplished on those mixtures meeting all
volumetric requirements.

For thelower compactive effort experiment (i.€., Nyeign = 75),
humped gradations (i.e., HRZ) wereincluded for thefineaggre-
gates having a FAA value less than 45.0 (FA-2 and FA-3).
Redigtically, the potential for using natural sands (which have
low FAA values) isgreatest for low-volume roadways. Addi-
tionally, when natural sandsareincorporated into an aggregate
gradation, thereis ahigher potential for humped gradations.

Similar to the Part 1 work, amix design and performance
testing using FA-10, granite coarse aggregate, HRZ gradation,
and 75-gyration design level were conducted. Thisinformation
was used as a basdline against which to compare other resullts.

Part 3 Work Plan

The primary objective of Part 3wasto extend the Part 1 and
Part 2 research resultsto 19.0-mm NMAS gradations. During
Parts 1 and 2, only 9.5-mm NMAS gradations were used.
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Figure 6 presents the experimental plan for Part 3. This
figure shows that two compactive efforts were used: 75 and
100 gyrations. Within the lower compactive effort experiment
(i-€., Nuesign = 75), agravel coarse aggregate was used because
preliminary testing indicated that mixes containing the gravel
coarse aggregate should prevent mixtures with excessive
VMA (asseen at Nuesgn = 75 during Part 2). Fivefine aggregates
wereused including FA-2, FA-3, FA-4, FA-6, and FA-7. These
fine aggregates are identical to those used during the Part 2
work at Neesgn = 75. As suggested by the project panel, three
gradations were included: BRZ, TRZ, and ARZ. These gra-
dations are illustrated in Figure 7 and presented in Table 7.
The same asphalt binder was used in Part 3 asin Parts 1 and
2. Mix designs were conducted for the HRZ for FA-2 and
FA-3 (which have FAA values lessthan 45.0).

Within the higher compactive effort experiment (i.e.,
Naesign = 100), a granite coarse aggregate was used with five

fine aggregates. FA-2, FA-4, FA-6, FA-7, and FA-9. Again,
the BRZ, TRZ, and ARZ gradations were investigated.

For both compactive effort experiments, mix designs and
performance testing using FA-10 and the HRZ gradation
were conducted. Similar to Parts 1 and 2, this information
should provide a“worst-case” baseline.

Figure 6 shows the flow of work in Part 3. For a given
factor-level combination, mix designs were first conducted
for the gradation(s) violating the restricted zone. If the mix-
ture(s) met al Superpave volumetric requirements, then mix
designs were conducted for the two control gradations (i.e.,
BRZ and ARZ). However, if none of the mixesviolating the
restricted zone met al volumetric criteria, testing was
stopped for that factor-level combination. Mixtures meeting
all volumetric criteria were used for performance testing.
For Part 3, only the Asphalt Pavement Analyzer (APA) was
used as a performance test.

START Part 3
Nyesign = 75 gyrations —Pl Factor-Level Combinations |<—— Niesin = 100 gyrations
Gravel Coarse Aggregate Granite Coarse Aggregate
Five Fine Aggregates Five Fine Aggregates
- FA-2, FA-3, FA-4, FA-6, v -FA-2, FA-4, FA-6, FA-7,
and FA-7 Conduct Mix Designs for and FA-9
Three Gradations: BRZ, Gradations Violating the Three Gradations: BRZ,
TRZ, and ARZ Restricted Zone (TRZ, HRZ) TRZ, and ARZ

T

For FA-2 and FA-3,
HRZ gradation

Any
Designs
HRZ Meet All Conduct Mix Designs
FA-T0, Volumetric For Control Gradations

Criteria?

FA-10, HRZ

Conduct Performance Testing

Volumetric Criteria (APA only)

On Mixes Meeting All

No

»
L

y

All
Factor-Level

Combinations
Designed?

Yes

Draw Conclusions, Make
Recommendations, and
Prepare Final Report

Figure6. Flow diagram showing work for Part 3.
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Part 3 Gradations

B  Control Points —— ~— Resricted Zone —®— BRZ —®—ARZ ———TRZ —*—Hump —*—Crossover

90

80 1

70 1

60 1

50

40 -

Percent Passing, %

30 1

20 1

10

-—

0.075

0.30 0.60

1.18

2.36

4.75
Sieve Size, mm

9.5

12.5

18.0

25.0

Figure7. Part 3 gradations.

Response Variables

The performance of mixes with various factor-level com-
binations meeting Superpave volumetric requirements were
evaluated on the basis of performance-related mechanical
tests. Because the primary purpose of therestricted zoneisto
avoid rut-prone mixes, the mixesin thisstudy were evaluated
for their rutting potential. Thiswas accomplished by two dif-
ferent types of tests: empirical and fundamental. For the
empirical test, the APA was used. The Superpave shear tester
and the repeated load confined creep (RLCC) test were used
as fundamental tests.

Three tests were included to ensure a satisfactory conclu-
sion of this study. It was not expected that all three perma-
nent deformation tests (i.e., one empirical and two funda
mental) will provide exactly similar results. If they did, one
mix validation test would be sufficient. However, al three
tests might not be equally sensitive to changes in gradation
and FAA values. Their relative sensitivity to changesin gra-
dation and FAA vaues would be evident from the test data.
Thetest that is most sensitive to these two important factors
of this research project will be considered the most relevant
and significant.

TABLE 7 19.0-mm NMASgradationsused in Part 3

Sieve, mm BRZ ARZ TRZ HRZ
25.0 100 100 100 100
19.0 95 95 95 95
125 75 75 75 75
9.5 65 65 65 65
4.75 44 52 49 49
2.36 28 41 33 33
1.18 18 33 25 25
0.60 13 25 17 22
0.30 11 19 13 18
0.15 9 9 9 9
0.075 5 5 5 5
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Asphalt Pavement Analyzer

The APA isan automated, new generation of GeorgialL oad
Wheel Tester (GLWT). The APA (see Figure 8) features con-
trollable wheel load and contact pressure, adjustable temper-
ature inside the test chamber, and the capability to test the
sampleswhilethey are either dry or submerged in water. This
enhanced version of the GLWT gives rutting and moisture
susceptibility test environments that are more representative
of actual field conditions than were previously provided by
the GLWT. The APA test was conducted dry to 8,000 cycles,
and rut depthswere measured continuously. The APA cantest
three pairs of gyratory-compacted specimens of 75-mm
height. Testing with the APA was conducted at 64°C. Theair
void content of the different mixtures was 6.0 + 0.5 percent.
Themixturewas aged 2 h at the compaction temperature prior
to compacting. Hose pressure and wheel load were 690 kPa
and 445 N (100 psi and 100 Ib), respectively.

Superpave Shear Tester (AASHTO TP7-94)

The Superpave shear tester, shownin Figure 9, isaclosed-
loop feedback, servohydraulic system that consists of four
major components: atesting apparatus, atest control unit, an

Figure8. Asphalt Pavement Analyzer.

Figure9. Superpave shear tester.

environmental control chamber, and ahydraulic system. The
ability of apavement structureto resist permanent deformation
and fatigue cracking is estimated through the use of the Super-
pave shear tester. The Superpave shear tester simulates, anong
other things, the comparatively high shear stresses that exist
near the pavement surface at the edge of vehicletires—stresses
that lead to the lateral and vertical deformations associated
with permanent deformation in surface layers.

The repeated shear at constant height (RSCH) test
(AASHTO TP7, Procedure F) was selected to assess the per-
manent deformation response characteristics of the mixtures.
The RSCH test is performed to estimate rut depth. This test
operates by applying repeated shear |oad pulsesto an asphalt
mixture specimen. Asthe specimen isbeing sheared, the con-
stant height prevents specimen dilation, thereby promoting
the accumulation of permanent shear strain. The test can be
used for comparatively analyzing shear response characteris-
tics of mixtures subjected to similar loading and temperature
conditions.

The literature review indicated that this Superpave shear
tester has been used successfully by researchers to evaluate



the relative rutting potential of HMA mixtures. All speci-
mens for Superpave shear testing were fabricated at 3.0 =
0.5 percent air voids and tested at 50°C. This test tempera-
ture was selected because it is representative of effective
temperature for permanent deformation (T [PD]) asused in
Superpave shear test protocol for the southeastern United
States and is believed to be critical for inducing rutting in
HMA pavements. Prior to compaction, the mixture was aged
for 4 h at 135°C.

Repeated Load Confined Creep Test

The RLCC test is considered a fundamental experimental
method to characterize the rutting potential of HMA because

15

fundamental creep principles can be applied to deformation
of viscoelastic mixes. A material testing system (MTS) was
used to conduct thistest. A deviator stress, along with acon-
fining stress, isrepetitively applied onaHMA samplefor 1 h,
with a0.1-sload duration and a 0.9-s rest period. After the
1-h test, the load is removed, and the rebound measured for
15 min. The strain observed at the end of this period is
reported as the permanent strain. The permanent strain indi-
catesthe rutting potential of the mix. Thetarget air void con-
tent for mixtures tested by the RLCC test was 4.0 £ 0.5 per-
cent. Prior to compaction, the mixture was aged for 4 h at
135°C. The test temperature was 60°C. Test loadings con-
sisted of an 138 kPa (20 psi) confining pressureand an 827 kPa
(120 psi) normal pressure.
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CHAPTER 3

LABORATORY TEST RESULTS AND ANALYSIS

Thischapter presentsthetest resultsand analysis of thelab-
oratory experiment. The experimental plan was divided into
three parts. Experiments in Parts 2 and 3 were guided by the
results of Part 1. This chapter isdivided into three sections,
each providing test results, analysis, and decisions made for
subsequent parts.

PART 1 TEST RESULTS AND ANALYSIS

Mix designs for 9.5-mm NMAS mixes were conducted for
80 factor-level combinations during Part 1. As mentioned
earlier, the compactive effort used in Part 1 corresponded
toadesigntrafficlevel of 3to 30 million ESALSs. Theinitial,
design, and maximum number of gyrations were 8, 100,
and 160, respectively. The results of these mix designs are
presented in Appendix C.

Of the 80 mixes designed, only 9 mixes met all volumetric
(i.e, VMA, VFA [voidsfilled with asphalt], and %G,,,@Nyx
[the percent of maximum specific gravity at the initial num-
ber of gyrations]) and FAA criteria. Of the mixes not meeting
criteria, 22 did not meet VMA, 13 did not meet VFA, 6 did not
meet %G, @Niiiia, 28 did not meet VMA and %G,y @Nisitia
1 did not meet %G,,,@Nnia and VFA, and 1 did not meet
VMA and VFA.

A secondary goal of this research was to evaluate the
effect of mix congtituent properties on the volumetrics of the 80
designed mixes. Volumetric properties considered included air
voids, VMA, VFA, %G,n@Niitia, and %G;m@Nmaimum. Air
voids were kept constant at 4 percent as this void level
defines optimum asphalt content, so air voids were not ana-
lyzed. VFA isafunction of VMA and air voids and no mix
failled %G @Nmaximum, SO Neither were included. There-
fore, only VMA and %G,,,@N.,i;a Were analyzed.

Thefirst step in thisanalysis was to conduct an analysis of
variance (ANOV A) to determinethe effect of coarse aggregate,
fine aggregate, and gradation on VMA and %G,,,@Nipigia-
For these ANOV As, the calculation of the F-statistics had to
be modified. Thiswas because only one response was obtained
for each factor-level combination (e.g., there was only one
VMA for each mix). To calculate the F-statistic, the degrees
of freedom associated with theinteractions among the exper-
iment factors were sacrificed. This sacrifice of degrees of
freedom for the interactions provided the necessary mean

squares of error to calculate the F-statistic without sacrificing
the results of the ANOVA.

Results of the ANOVA conducted to evaluate the signifi-
cance of the experiment’ smain factorsispresentedin Table 8.
This table shows that al three main factors significantly
affect VMA. Based upon the F-statistics, it is seen that the
coarse aggregate had the greatest effect on VMA (i.e., it had the
largest F-dtatitic) followed by fine aggregate and gradation,
respectively.

Figure 10 illustrates the relative effect of coarse aggregate
and gradation on VMA.. Each bar on thisfigure represents the
average VMA for mixeshaving the same coarse aggregate and
gradation type—therefore, each bar istheaverage VMA for all
fine aggregates. Thisfigure suggests that mixes containing the
more angular coarse aggregate yielded collectively higher
VMA valuesthan did mixes containing the crushed gravel fine
aggregate. This was true for each gradation. Figure 10 shows
that the ARZ and CRZ gradations tended to provide higher
VMA values and that the HRZ and TRZ provided the lowest
VMA values. Recall that the HRZ gradation was only com-
bined with fine aggregates having an FAA of 45 or lower.
Evauation of the FA-1, FA-2, and FA-3 mix design dataindi-
cated that the HRZ gradation provided higher VMA values (an
average of 14.4 percent for granite and 13.3 percent for gravel
coarse aggregates, respectively) than did the TRZ gradation
(an average of 13.8 percent for granite and 12.9 percent for
gravel coarse aggregate, respectively). Because the TRZ
gradation generally provided the lowest VMA values, it
appears that the MDL defined within the Superpave mix
design system for 9.5-mm NMAS gradationsrelatively isin
the correct location.

The effect of fine aggregate on the VMA vaueswas evalu-
ated by correlating VMA to FAA. Figures 11 and 12 illustrate
the rel ationship between FAA and VMA for mixes containing
graniteand gravel coarse aggregates, respectively. Withinthese
figures, the relationship between FAA and VMA is shown
for each gradation. Coefficients of determination (R?) arealso
shown for each relationship. Table 9 presents the F-statistic
and p-value for each regression. Figures 11 and 12 indicate
that the relationship between VMA and FAA is poor as R?
values are typically below 0.25. In fact, the F-statistic and
probability values indicate that the relationships are not sig-
nificant. Although there is no significance to the relation-
ships, there does appear to be a trend that is common to



TABLE 8 Resultsof ANOVA to determine significance of main factorson VMA

Source Degrees of F-Statistic P-Value
Freedom
Coarse Aggregate 1 156.40 0.000
Fine Aggregate 8 110.85 0.000
Gradation 4 13.99 0.000
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Figure 10. Effect of gradation on VMA.
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Effect of FAA on VMA (Gravel Coarse Aggregate)
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Figure12. Effect of FAA on VMA (crushed gravel coarse aggregate).

all relationships: increasing VMA values with increasing
FAA values. The relative locations of the regression lines
are similar for both the granite and gravel coarse aggregate
data sets.

Results of the ANOVA conducted to evaluate the signifi-
cance of coarse aggregate, fine aggregate, and gradation on
%G m@Niniia 1S presented in Table 10. Thistable shows that
all three main factors significantly affect %G;,n@Niitia, SIM-
ilar tothe VMA analysis. Based upon the F-statistics, thefine
aggregate had the greatest effect, followed by gradation and
coarse aggregate, respectively.

Figure 13 illustrates the effect of coarse aggregate and gra-
dation on %G, @Niia- AS show by the ANOVA, the effect of
coarse-aggregate type seems to be minimal (although signifi-
cant). Thisfigure suggests that the BRZ gradation provided the
lowest %G, @N; 14 Values. The CRZ gradation had similar but
dightly higher %6G,n@N;,ii4 Values. Figure 13 suggeststhat the
HRZ gradation provided the highest %G@N,iy Vaues.
However, smilar to the VMA analysis, this conclusion would
be mideading. For the three fine aggregates in which both gra-
dations were used, the %G, @N;ii4 averaged 91.0 percent for
the HRZ gradation and 90.7 percent for the TRZ gradation;

TABLE 9 Regression statisticsfor FAA versusVMA regressions

Gradation Granite Gravel
F-statistic p-value F-statistic p-value
ARZ 0.82 0.394 1.29 0.293
BRZ 1.25 0.301 1.78 0.224
CRZ 2.13 0.187 2.32 0.171
HRZ 238 0.263 0.02 0.893
TRZ 2.11 0.190 1.65 0.240

TABLE 10 Resultsof ANOVA to determine significance of main factorson

% Grm@Ninitia
Source Degrees of F-Stastistic P-Value
Freedom
Coarse Aggregate 1 7.89 0.007
Fine Aggregate 8 101.85 0.000
Gradation 4 38.31 0.000
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Effect of Gradation on % G, @ Ninitial
(Part 1)
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Figure13. Effect of gradation on %G,,,@Niniia (Part 1).

therefore, both appear similar and suggest that the ARZ grada-
tion actualy provided the highest %G, @N; 4 ValUes.

The effect of fine aggregate on %G, @N.ia iSillustrated
in Figures 14 and 15 for mixes containing granite and gravel
coarse aggregate, respectively. These figures illustrate the
relationship between FAA and %G, @N,ix. R? values are
also shown for each relationship. The R? values indicate a
stronger relationship between FAA and %G;,,@N.iia than
for FAA and VMA (see Figures 11 and 12). Table 11 pre-
sents the F-statistics and probabilities for each regression
shown in Figures 14 and 15.

The regression statistics in Table 11 suggest a significant
relationship between FAA and %G,,@N,.iia- The relation-
shipsshow increasing values of FAA led to decreasing values
of %G,,m@N;iia. FuUrthermore, none of the mixes having an
FAA value of 45 or lower met the %G,,,@N.s4 requirement
of 89 percent maximum. This was true for both coarse
aggregates. Overall, it appearsthat higher FAA values con-
tribute to a stronger aggregate skeleton (in terms of more
resistance to compaction) at initial compaction levels.

Another interesting observation from the Part 1 mix design
data was that none of the mixes failed the %G, @Naximum
requirement of 98 percent maximum. This wastrue even for
the worst-case FA-10 mixes with a humped gradation. This
observation rai sesthe question of whether the Niaimum require-
ment is necessary or whether the limit of 98 percent needs to
be changed.

After completion of all mix designs, performance testing
was conducted. Performancetesting included the APA, RSCH
test with the Superpave shear tester, and the RLCC test as

described in Chapter 2. The project statement for this study
caled for performance testing on mixes that met all volumet-
ric criteria. However, with the concurrence of the project
panel, some mixes not meeting VFA requirements were per-
formancetested. This VFA exception was made because of
current Superpave VMA requirements for 9.5-mm NMAS
mixtures. Optimum asphalt content is defined as the asphalt
content that provides4.0 percent air voids. For 9.5-mm NMAS
mixes, theminimum VMA alowedis15.0 percent. AtaVMA
of 15.0 percent and an air void content of 4.0 percent, VFA
is equal to 73.3 percent. The Superpave requirements for
VFA range from 65.0to 75.0 percent. This VFA range effec-
tively limits VMA to amaximum of 16.0 percent asair voids
are set at 4.0 percent at mix design. Only a 1.0-percent range
of VMA, therefore, is allowed by the Superpave mix design
requirements.

The exception used in this study was based on the find-
ings of the WesTrack Forensic Team (1). This report rec-
ommended that VMA berestricted to no more than 2.0 per-
cent above the minimum value; therefore, besides mixes
meeting all volumetric requirements, performance test-
ing was also conducted on mixtures that failed VFA but
that had VMA values below or equal to 17.0 percent. This
provided an allowable VFA range in this study of 73.3 to
76.5 percent.

Another exception approved by the project panel wasto
conduct performance testing on mixtures containing FA-6
(a limestone fine aggregate) and granite coarse aggregate
(all gradations) even though these combinations did not
meet VMA. The project panel recommended the inclusion
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Effect of FAA on %G m@Ninitiai (Granite Coarse Aggregate)
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Figure 14. Effect of FAA on %G,,»@N.a (granite coarse aggregate).

of these mixes because none of the mixtures meeting all
volumetric criteria (and those included with the VFA excep-
tion) contained alimestone fine aggregate, which is one of the
most common aggregates in the United States. The FA-6/
granite mixes wereincluded for informational purposes only.

The fine aggregate FA-10, which had a very low FAA
value of 38.6, was used with both granite and gravel coarse

aggregates to provide a humped gradation violating the
restricted zone (i.e., HRZ). Thesetwo mixesdid not meet the
Superpave requirementsfor FAA, VMA, or Niiia- However,
these mixes were performance tested to obtain a baseline,
worst-case scenario.

Results of Part 1 performance testing for mixes contain-
ing FA-10, FA-6, FA-7, FA-4, and FA-9 are presented in

Effect of FAA on %G ,n@Nintia (Gravel Coarse Aggregate)
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Figure15. Effect of FAA on %G,,,@N.a (crushed gravel coarse aggregate).
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TABLE 11 Regression statisticsfor FAA versus % Gum@Niyiiia relationships

Gradation Granite Gravel
F-statistic p-value F-statistic p-value
ARZ 10.98 0.013 10.96 0.013
BRZ 14.76 0.006 7.75 0.027
CRZ 17.76 0.004 19.31 0.003
HRZ 10.89 0.081 26.88 0.035
TRZ 10.97 0.013 8.53 0.022

Appendix C. Results for the APA are presented as the man-
ually measured rut depth after 8,000 cycles. For the RSCH
test, results are presented as the plastic strain after 5,000
cycles, expressed as a percentage. Results for the RLCC test
are presented as the permanent strain measured after 3,600
load repetitions (applied in 1 h) and a 15-min rebound time,
again expressed as a percentage.

Figure 16 illustrates the results of APA testing in theform
of abar chart. Resultsare shown for the 24 mixesthat (1) met
all volumetric criteria, (2) met the VFA exception, (3) were
recommended by the project panel (e.g., containing FA-6),
or (4) was aworst-case scenario (e.g., containing FA-10).

Datawithin Figure 16 are classified by whether the mixture
has a gradation that violates the restricted zone. Solid black
bars depict mixes having gradations violating the restricted
zone; unshaded bars represent mixes having gradations that
do not violate the restricted zone. As can be seen from thefig-
ure, the same combination of coarse aggregate and gradation
was not tested for al fine aggregates—therefore, performing
an analysis of variance was not possible. Duncan’s multiple
range tests (DMRT) were used to rank the performance of

mixes having identical coarse aggregate and fine aggregate
(e.g., granite/FA-4). This analysis provided a comparison
among gradationsfor agiven coarse aggregate/fine aggregate
combination to determine whether gradations violating the
restricted zone performed differently than gradationsresiding
outside the restricted zone. Figure 16 shows the results of
the DMRT rankings as A, AB, and B. There is no statisti-
cally significant difference (at asignificance level a = 0.05)
in performance if two gradations within a coarse aggregate/
fine aggregate combination have the same letter ranking.
Figure 16 shows that all three main factors (i.e., coarse
aggregate, fine aggregate, and gradation shape) appear to
affect the measured APA rut depths. Collectively, where
comparisons are possible, mixes containing the more angular
granite coarse aggregate tended to have lower rut depths.
The fine aggregate type also affected the measured rut
depths. The FA-10 mixes containing gravel coarse aggregate
were the least rut resistant. Also as expected, mixes contain-
ing FA-6 wererut resistant. Recall that these four FA-6 mixes
were included for informational purposes only because all
failed VMA requirements. Because each mix had low VMA,
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Figure16. APA rut test data (Part 1).
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all four mixes were under-asphalted and, as aresult, were rut
resistant. However, the FA-6 mixesthat viol ated the restricted
zonecriteria(i.e., TRZ and CRZ) did perform similarly to the
mixes not violating the restricted zone (i.e., BRZ and ARZ).

Inall but one case (FA-7/granite mixes) of the seven coarse
aggregate/fine aggregate combinations tested, the mixes hav-
ing gradations that violate the restricted zone performed simi-
larly or better than did the mixes having gradationsthat did not
violate the restricted zone. In this one case, the rut depths for
both FA-7/granite/BRZ and FA-7/granite/TRZ were both less
than 6 mm. Based upon these Part 1 APA data, it appears that
therestricted zoneis practically redundant as arequirement to
ensure adequate rut resistance if the mix meets all Superpave
volumetric and FAA criteria

No meaningful relationship between FAA valuesand APA
rut depth was obtained, probably because the FAA values of
the mixes (which met volumetric requirements) only ranged
from 48.9 to 50.1.

Figure 17 illustrates the results of the RLCC test. Results
are presented as permanent strain as a percentage. Similar to
the APA results, the results show the mixes containing FA-10
had the least resistance to permanent deformation. These
FA-10 mixes had considerably higher permanent strain val-
ueswhen compared with the other mixes. The FA-6 limestone
mixes collectively had the lowest permanent strain values,
similar to the APA rut depths. Again, this was likely due to
the low asphalt contents in these mixes (i.e., low VMA).

Similar to the APA analysis, DMRT rankings were con-
ducted on each combination of coarse aggregate/fine aggre-

gate to isolate the effect of gradation. In al but one case (i.e.,
FA-9/granite) of the seven coarse aggregate/fine aggregate
combinations tested, the mixes having gradations violating
the restricted zone performed as well or better than did the
mixes having gradations complying with the restricted zone
requirement. Close inspection of the one exception (i.e., FA-9/
granite) shows that both mixes ARZ and TRZ have very low
permanent strain values and, therefore, can be considered rut
resistant. The RLCC data appears to confirm the APA con-
clusionthat therestricted zone requirement is not needed when
the Superpave volumetric and FAA criteriaare met.

Figure 18 presents the RSCH test data. Resultsin thisfig-
ure are shown as plastic strain expressed as a percentage. I ni-
tial observation of Figure 18 indicates little variation in the
test results: even the worst-case FA-10 mixes did not have
high plastic strain values. All test resultswere below 2.5 per-
cent plastic strain, which historically suggests adequate rut
resistance. Similar to the APA and RLCC test data, DMRT
rankings were determined for each fine aggregate/coarse
aggregate combination. These rankings also show that not
much variation in test results was exhibited. Except for the
FA-9/gravel combination, all combinationshad similar DMRT
rankings. This suggests that the RSCH test was not sensitive
enough to identify small changesin gradation or asphalt con-
tent, possibly because of test variability. Threereplicateswere
used in this study. Recent research (2) has suggested the use
of five replicates, discarding the minimum and maximum
values and averaging the middle three values to improve the
reliability of the RSCH test.
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Figure17. RLCC test data (Part 1).
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Figure18. RSCH test data (Part 1).

PART 2 TEST RESULTS AND ANALYSIS

Similar to Part 1, Part 2 involved 9.5-mm NMAS grada-
tions, but included two compactive efforts different than those
used in Part 1. The two compactive efforts corresponded to
0.3 to 3 million ESALS (i.€., Nesgn = 75 gyrations) and more
than 30.0 million ESALS (i.e., Ngesgn = 125 gyrations). Only
three gradationswere used in all mixes: BRZ, TRZ, and CRZ.
Only the granite coarse aggregate was used in Part 2. During
Part 1, gravel coarse aggregate produced mixes with low
VMA values.

Six fine aggregates—FA-10, FA-2, FA-3, FA-6, FA-7,
and FA-4 (inincreasing order of FAA vaues)—were used in
mixes designed with an Nyesgn Of 75 gyrations. Appendix D
gives optimum mix design data for mixes with these fine
aggregates. Four fine aggregates—FA-10, FA-7, FA-4 and
FA-9—were used in mixes compacted with an Ngeg, Of 125
gyrations. Appendix D also gives optimum mix design data
for these fine aggregates. Fine aggregatesthat had high poten-
tial of meeting the minimum VMA requirements (based on
mix design data obtained in Part 1) were selected for Part 2.
A limestone fine aggregate (i.e., FA-6) wasincluded because
limestone is widely used in the United States.

Because each of the mixes studied in Part 2 contained the
same coarse aggregate, the factors evaluated were design

compactive effort, fine aggregate type (i.e., FAA), and gra-
dation shape. Similar to the analyses conducted in Part 1, the
mix design data were analyzed to determine the effect of
each factor on volumetric properties. Figures 19 and 20 pre-
sent the effect of gradation on VMA and %G, @N;iia fOr
both compactive efforts, respectively. Similar to Part 1, Fig-
ure 19 shows that the CRZ gradation produced the highest
VMA values for both compactive efforts. This effect is prob-
ably caused by the CRZ gradation being somewhat gap-
graded. The TRZ and HRZ provided low VMA values. Simi-
lar tothe Part 1 analyses, inwhichthe TRZ and HRZ gradations
were designed for the same fine aggregate (i.e., FA-2 and
FA-3for Part 2), the HRZ gradation provided adlightly higher
VMA than did the TRZ gradation. Because the TRZ generally
provided thelowest VMA values, these Part 2 data support the
finding that for 9.5-mm NMAS gradations, the MDL can be
used asaguideline for increasing or decreasing VMA in con-
tinuously graded HMA mixes. As expected, the mixes using
the CRZ and BRZ gradations had lower VMA values for the
higher compactive effort (i.€., Ngesgn Of 125) although the dif-
ference was not as large as would be expected.

Figure 20 illustrates the effect of mix gradation on
%Gm@Niiia. The effect of design compactive effort isalso
evident in this figure. Mixes compacted at 125 gyrations had
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Effect of Gradation on Voids in Mineral Aggregate (Part2)
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Figure19. Effect of gradation on VMA for Part 2.

lower %G,,,@N.i14 Va uesathough theinitial number of gyra
tions for the 125 gyration compactive effort was 8 gyrations
and the N4 for the 75 gyration compactive effort was 7 gyra-
tions. Thisis probably dueto relatively higher FAA vauesand
lower asphalt contents in high compactive effort mixes com-
pared with low compactive effort mixes, which provided
increased initial resistance to compaction. The data dso shows
a similar effect of gradation on %G,,,@Ni,iy as in Part 1;
the mixes using the BRZ and CRZ gradations had similar

%G m@Niiig Values and were dightly lower than the values
for the TRZ gradation.

As stated previously, during Part 2 the design compactive
effort was afactor in the experiment. Figures 21 and 22 pre-
sent the effect of FAA valueson VMA for the Nyeggn = 75 and
Naesign = 125 compactive efforts, respectively. Based upon the
regression lines presented in Figure 21, the relationship
between FAA and VMA is not significant (i.e., p-values are
greater than 0.5). Coefficients of determination ranged from

Effect of Gradation on %Gym @ Niniiat (Part2)
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Figure 20. Effect of gradation on %G,,,,,@N;,i;4 for Part 2.
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Effect of FAA on VMA (Nesign=75)
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Figure21. Effect of FAA on VMA for Ngesgn = 75, Part 2.

0.06 to 0.22. However, the trend lines do show increasing
VMA values with increasing FAA vdues. Thisis similar to
resultsin Part 1. Although the resultsfor the Nyeggn = 125 mixes
did show some higher R? values (see Figure 22), the range in
FAA vauesfor the Ngesgn = 125 mixeswasvery smdl (i.e., 48.7
t050.1). Thesmall rangein both FAA and VMA likely resulted
in the higher R? values for the CRZ and BRZ gradations. The
TRZ gradation till had alow R? value of 0.01.

Figures 23 and 24 present the relationships between the
FAA and %G,m@Niisa for the Neesgn = 75 and 125 mixes,
respectively. Asshowninthesimilar Part 1 analyses, the FAA
valuesincrease asthe %G, @Niii4 VAlues decrease. Thisrda
tionship suggests that the more angular fine aggregates (i.e.,
those having higher FAAS) tend to resist early compaction
more so than the lower FAA aggregates. For both compactive
efforts, the R? values were higher than those observed for
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Effect of FAA on %G, @ Ninitial (Ndesign=75)
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Figure 23. Effect of FAA on %Gnm@Ninitia fOr Neesgn = 75 mixes, Part 2.

the FAA-VMA relationships, but the relationships were not
significant. However, there was one exception; the TRZ gra-
dation for Ngesgn = 125 mixes (see Figure 24). Thisrelationship
had an R? value of almost zero. The likely reason for this low
R? value is that the dope of the trend line was basically zero.
Another definite trend can be observed about the relation-
ship between FAA and %G,,,,@N,a for the five gradations
usedinParts 1, 2, and 3 (see Figures 14, 15, 23, and 24). HRZ
and CRZ have the highest correlation in all cases. Also, the
order of linesremainsthe same. That is, the short line of HRZ

is followed by ARZ, TRZ, CRZ, and, finally, BRZ. These
trends should be hel pful to the mix designer to ensure the mix
meets the maximum requirement for %G,,,@N;iia- Thus, it
appears that %G,,»@N.iia iS predominantly controlled by
FAA and the fine aggregate content.

After completion of al mix designs, performance testing
was conducted. Similar to Part 1, performancetesting included
testing with the APA, RSCH test with the Superpave shear
tester, and RLCC tests. Results of performancetesting for both
compactive efforts are provided in Appendix D.
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A number of mixesin Part 2 failed the VFA requirement
with values in excess of the upper limit of 75.0 percent. The
VFA exception used in Part 1 was also used in Part 2. This
exception called for the performance testing of mixes that
failed the upper limit of VFA, but had aVMA value that was
no more than 2.0 percent higher than the minimum value
(i.e., 17.0 percent or less).

Again, FA-10 was performance tested even though the
mixes did not meet volumetric criteria. This was done to
provide a baseline of poor performance in the laboratory.

Figure 25 illustrates the results of the APA testing con-
ducted on Part 2 mixes designed at 75 gyrations. Initial obser-
vation of thisfigure suggests that angularity and surface tex-
ture of the fine aggregate (i.e., FAA) has a significant effect
on measured rut depths. Those mixes containing fine aggre-
gateswith FAA vauesabove 46 (i.e., FA-4, FA-6, and FA-7)
all had significantly lower rut depths than did the mixeswith
fine aggregates having FAA values below 46 (i.e., FA-10,
FA-2, and FA-3). Also upon initial observation, it isseen that
the two FA-3 gradations (i.e., BRZ and CRZ) that met volu-
metric requirements had rut depths that were slightly higher
than did the worst-case baseline FA-10 mix. From arestricted
zone standpoint, there was no statistical difference based on
DMRT rankingsin rut depths between the FA-3 mix that vio-
lated the restricted zone (i.e., CRZ) and the control gradation
(i.e., BRZ). The only other combination in which a compar-
ison could be made between a gradation violating the
restricted zone and acontrol gradation was FA-6. Again, there
was no statistical difference, based on DMRT rankings, in rut
depths between the two mixes (i.e., BRZ and CRZ). FA-2,
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FA-4, and FA-7 had only one gradation that met volumetric
requirements (including the VFA exception). Other grada-
tions for these fine aggregates had VMA values in excess of
17.0 percent.

Within the Superpave mix design system, fine aggregates
used in mixes designed at 75 gyrations have a requirement
for FAA of 40 percent minimum. The dataillustrated in Fig-
ure 25 suggests that mixes having fine aggregates with FAA
values below 46 tend to have more potential for rutting.
However, from the standpoint of the restricted zone, there
does not seem to be an interaction between the effect of FAA
and gradations passing through the restricted zone. This is
shown by the data for FA-3 in which the BRZ and CRZ gra-
dations both have similar rut depths. It can be surmised, there-
fore, that even for thislower compactive effort, the restricted
zone is not needed to ensure a rut-resistant mixture. In fact,
the data appears to indicate the need for alaboratory “ proof”
test to be used on designed mixes.

Figure 26 illustrates the APA results of Part 2 mixes
designed with 125 gyrations. This figure shows little differ-
encein rut depths among any of the experimental mixes (i.e.,
FA-4, FA-7, and FA-9 mixes). FA-10 had the highest rut
depth, as expected, at approximately 11 mm. The remaining
mixes all had rut depths of approximately 8 mm. For each of
the fine aggregates (except FA-10), sufficient gradations
were available to conduct DMRT rankings to compare the
gradations violating the restricted zone (i.e., TRZ and CRZ)
and the control gradation (i.e., BRZ). For all threefine aggre-
gates (i.e., FA-4, FA-7, and FA-9), there was no statistical
difference among the different gradations. Similar to the Part 1

20
A
18 A
16 1
14
E 12
£
2 10
[
o
5 s A A
4
6 4
4 .
2 ]
0 - . >
HRZ TRZ BRZ CRZ TRZ BRZ CRZ TRZ
FA-10 FA-2 FA-3 FA-4 FA-6 FA-7
FAA=38.6 FAA=42.6 FAA=44.1 FAA=497 FAA=46.9 FAA=48.9

Nat. Sand Nat. Sand Nat. Sand

Sandstone Limestone Granite
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Figure 26. Results of APA testing on mixes designed with 125 gyrations for Part 2.

APA data, Figure 26 suggests that the restricted zone is
practically redundant as a requirement to ensure adequate
rut resistanceif the mix meetsall Superpave volumetric and
FAA criteria.

Figure 27 illustrates the results of RLCC testing con-
ducted on Part 2 mixes designed with 75 gyrations. This

figure does not show the two FA-3 mixes that failed prior
to 3,600 load repetitions (i.e., the BRZ and CRZ grada-
tions). As stated previously, the RLCC test uses a confine-
ment pressure on samples. This necessitates the use of atri-
axial cell during testing. The premature failure was defined
as the point at which the sample within the triaxial cell

40

35 1

30 1
S
c 25
‘© Three replicates of both
T . .
b gradations failed
n X .
= 20 prior to the completion
& 0f 3,600 load repetitions.
s
£ 15
@
a

10

A A
5 4
0 4
HRZ TRZ BRZ CRZ TRZ BRZ CRZ TRZ
FA-10 FA-2 FA-3 FA4 FA-6 FA-7
FAA=38.6 FAA=42.6 FAA=44.1 FAA=49.7 FAA=46.9 FAA=48.9

Nat. Sand Nat. Sand Nat. Sand

Sandstone Limestone Granite

Figure27. Results of RLCC testing on mixes designed with 75 gyrations for Part 2.



deformed laterally sufficiently to becomein contact with the
triaxial cell.

The reaults illustrated in Figure 27 are similar to the APA
results shown in Figure 25 in that the mixes containing fine
aggregates with FAA values less than 46 (i.e., FA-10, FA-2,
and FA-3) all showed significantly less permanent deforma:
tion resistance than did the mixes containing fine aggregates
with FAA valuesabove 46 (i.e., FA-4, FA-6, and FA-7). Only
onefine aggregate had mixesin which gradationsviolating the
restricted zone and acontrol gradation could be compared (i.e.,
FA-6). For this fine aggregate, the DMRT rankings indicated
that both gradations have similar rut depths.

Based upon both the APA and RLCC performance datafor
mixes designed with 75 gyrations, it appears that the volu-
metric and FAA criteria alone do not ensure a rut-resistant
mixture. However, gradations passing through the restricted
zone do not show more propensity to rut than do gradations
residing outside the restricted zone.

Results of RLCC performance testing on Part 2 mixes
designed with 125 gyrations are illustrated in Figure 28.
Similar to the Ngesgn = 125 Part 2 APA testing, all of the
mixes except the FA-10 mix had similar laboratory perfor-
mance. The worst-case FA-10 mix had significantly higher
strain values than did the other eight mixes tested. Sufficient
data was available to conduct a DMRT ranking within the
FA-4, FA-7, and FA-9 mixes. Results of the three DMRT
rankings indicate the permanent strain values for each gra-
dation (with agiven fine aggregate) are not significantly dif-
ferent. Interestingly, the CRZ gradation did show the highest
magnitude permanent strain for both the FA-4 and FA-7 data
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although it was not significantly different. Based upon these
Part 2 Ngesgn = 125 performance data, it appears that the
restricted zone is redundant with the Superpave volumetric
and FAA value.

Figure 29 illustrates the results of RSCH testing on Part 2
mixes design with 75 gyrations. Unlike the Part 1 RSCH data
(see Figure 18), thereissomevariation in test dataamong the
mixes tested. Similar to the APA and RLCC testing con-
ducted on mixes designed with 75 gyrations, the mixes con-
taining fine aggregates with FAA values greater than 46 (i.e.,
FA-4, FA-6, and FA-7) had significantly less plastic strain
than did those mixes using fine aggregates with FAA values
lessthan 46 (i.e., FA-10, FA-2, and FA-3). The FA-10/HRZ,
FA-2/TRZ, and FA-3/CRZ mixeshad plastic strainsapproach-
ing the limits measurable by the RSCH test (i.e., approxi-
mately 8 percent). The other four mixes—FA-4/TRZ, FA-6/
BRZ, FA-6/CRZ, and FA-7/TRZ—all had plastic strainsless
than 3 percent.

There were sufficient FA-3 and FA-6 mixes to evaluate
the restricted zone with the DMRT. Of these two, FA-3 had
significant differencesin plastic strain between the gradation
violating the restricted zone (i.e., CRZ) and the gradation
residing outside the zone (i.e., BRZ). The plastic strain for
the FA-3/BRZ gradation was approximately 4 percent; the
plastic strain for the FA-3/CRZ gradation was approximately
7 percent. Both of these mixes would be considered suscep-
tibleto permanent deformati on based upon previousresearch.
For the FA-6 combinations (i.e.,, BRZ and CRZ), results of
the DMRT rankings suggested that the plastic strain values
were similar.
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Similar to the APA and RLCC testing, the results shown
in Figure 29 suggest that volumetric and FAA criteriaare not
adequate to ensure rut-resistant mixes when the Ngeggn = 75
design compactive effort is used. The APA and RLCC test
resultsindicated that the potential for rutting is not enhanced
when gradations pass through the restricted zone. However,

based upon the FA-3 RSCH data, the CRZ gradation (which
violates the restricted zone) did show significantly higher
potential for rutting.

Results of the RSCH testing conducted on Part 2 mixes
designed with 125 gyrations areillustrated in Figure 30. The
dataillustrated in Figure 30 is very similar to that shown for
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Figure 30. Results of RSCH testing on mixes designed with 125 gyrations for Part 2.



the Part 1 RSCH data (see Figure 18) in that mixes contain-
ing FA-9 had higher plastic strain values than did the worst-
case FA-10. Besidesthe FA-9 data, al remaining dataappear
to besimilar (including FA-10). Sufficient mix combinations
were available to conduct the DMRT rankingsfor gradations
prepared with FA-4, FA-7, and FA-9. In all instances, no sig-
nificant differences were shown among the gradations. This
suggeststhat the restricted zoneis essentially redundant with
the Superpave volumetric and FAA criteria for these high-
traffic-volume mixes.

PART 3 TEST RESULTS AND ANALYSIS

As described in Chapter 2, Part 3 was a continuation of
Parts 1 and 2, except that 19.0-mm NMAS gradations were
used instead of 9.5-mm NMAS gradations. Four 19.0-mm
NMAS gradationswereincluded in Part 3: BRZ, TRZ, HRZ,
and ARZ. The BRZ, TRZ, and ARZ gradations were used
with all fine aggregates,; the HRZ gradation was included
only with fine aggregates having an FAA value of lessthan
45 percent. Both the granite and gravel coarse aggregates
were included in Part 3. Two design compactive efforts
were used, Ngesgn = 75 and 100. During Parts 1 and 2, anum-
ber of mixes had excessive VFA (i.e., above 75 percent
because of excessive VMA). In an effort to reduce the number
of mixesexcluded from performancetesting because of exces-
sive VFA, mixes designed with 75 gyrations used the gravel
coarse aggregate while mixesdesigned at 100 gyrations used
the granite coarse aggregate. Also different in Part 3wasthe
method of conducting mix designs. In Parts 1 and 2, mix
designs were conducted on all factor-level combinations.
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During Part 3, for agiven coarse aggregate/fine aggregate com-
bination, mix designs were first conducted for the grada-
tion(s) violating the restricted zone. If these mixes met all
volumetric criteria, then mix designswere conducted for the
control gradations.

A total of six fine aggregates were investigated for the
75-gyration design compactive effort and included FA-10,
FA-2, FA-3, FA-4, FA-6, and FA-7. Results of these mix
designsare presented in Appendix E. Six fine aggregateswere
also investigated for mixes designed with 100 gyrations and
included FA-10, FA-2, FA-4, FA-6, FA-7, and FA-9. Results
of these mix designs are a so presented in Appendix E. Simi-
lar to Parts 1 and 2, in Part 3 the FA-10 fine aggregate was
included as a worst-case baseline on performance.

Of the five experimenta fine aggregates used with the
75-gyration design effort (excluding FA-10), three had gra-
dations violating the restricted zone that met volumetric cri-
teria (i.e., FA-2, FA-4, and FA-7). For the two fine aggre-
gates not meeting volumetric criteria (i.e., FA-3 and FA-6),
the VMA values were below the 13-percent minimum. Sim-
ilar to theanalysisin Parts 1 and 2, the effect of gradation on
VMA and %G,,,@N;.i;ia Was evaluated for the 75-gyration
design effort mixes. Included in this analysis were the fine
aggregates in which all gradations were investigated (i.e.,
FA-2, FA-4, and FA-7). Because only three fine aggregates
were included in this analysis, no comparisons were made
between VMA or %G, @Niia and FAA values.

Figure 31 illustrates the effect of gradation on VMA.
This figure shows that the BRZ gradation provided much
higher VMA values than did the TRZ, ARZ, or HRZ gra-
dations. The TRZ and ARZ gradations provided somewhat
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similar VMASs. Figure 31 suggests that the HRZ gradation
provided the lowest VMA value; however, the HRZ grada-
tion was only included with FA-2 (which had an FAA of
lessthan 45 percent). For FA-2, the HRZ gradation provided
approximately the same VMA (i.e., 13.0 percent) as the
TRZ and ARZ gradations (i.e., 12.9 and 12.8 percent,
respectively). Theseresultsare similar to those presentedin
Parts 1 and 2.

The effect of gradation on %G,,,,,@N;.iix iSillustrated in
Figure 32. This figure shows that as the gradation becomes
coarser, %G,m@Ni,iia Values decrease. The BRZ gradation
had the lowest %G,,,,@N;iiia, and the ARZ had the highest.
Theseresultsare very similar to theresultsin Parts 1 and 2.
The HRZ gradation did have a high %G,,,,@N;nq4 value;
however, a comparison of the FA-2 data suggests that the
HRZ gradation had a similar %G,,,@Niia Value as did the
TRZ gradation.

For the experimental fine aggregates designed at 100 gy-
rations, only two had gradations violating the restricted
zone that met volumetric criteriac FA-7 and FA-9. Only the
TRZ, ARZ, and BRZ gradations were included with these
fine aggregates. The ARZ gradation used with FA-7 failed
to meet the %G, @Ni,iia Criteria of 89.0 percent maxi-
mum. Trends between VMA and gradation shape were sim-
ilar for these Ngesgn = 100 mixes to those for Parts 1 and 2
and the lower compactive effort mixes used in Part 3. The
BRZ gradation provided the highest average VMA value at
15.1 percent followed by the ARZ gradation (14.2 percent)
and TRZ gradation (13.9 percent). Trends between
%G,,m@Nniia and gradation shape were also similar to pre-

vious analyses in that the coarser the gradation, the lower
the %G,n@N;.iz vValue. BRZ had the lowest average
%G,,m@N iy Value at 87.1 percent, and ARZ had the high-
est at 89.1 percent; at 87.6 percent, the TRZ gradation fell
between the BRZ and the ARZ.

Results of performance testing conducted in Part 3 are
also presented in Appendix E. For Part 3, the APA was
used as the only performance test because in Parts 1 and 2
the APA appeared to be more sensitive to changesin gra-
dation. APA results for mixes designed with 75 gyrations
in Part 3 areillustrated in Figure 33. Rut depths for grada-
tions that violate the restricted zone are shown with solid
black bars; rut depths for control gradations are shown as
unshaded bars. As expected, the mix containing FA-10 had
a high rut depth. However, the FA-2/BRZ gradation had a
slightly higher rut depth. The remaining mixes shown in
Figure 33 had similar rut depths. Sufficient datawas avail-
ablefor FA-2, FA-4, and FA-7 to conduct DMRT rankings.
For FA-4 and FA-7, al of the gradations had similar rank-
ings, which suggests the gradations violating the restricted
zone did not result in mixes more susceptible to rutting.
The FA-2 mixes did show significantly different rut depths
for the two mixes tested. The control gradation (i.e., BRZ)
had a significantly higher rut depth than did the gradation
violating the restricted zone (i.e., HRZ). Based upon these
data for 19.0-mm NMAS designed with 75 gyrations, it
appears that gradations passing through the restricted zone
will provide comparable, if not better, rut resistance when
compared with gradations passing outside the restricted
zone.
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Figure 34. Results of APA testing conducted on mixes designed with 100 gyrationsin Part 3.

Results of APA testing conducted on mixes designed with  a significantly higher rut depth than did the TRZ and ARZ
100 gyrationsfor Part 3areillustrated in Figure 34. Sufficient  gradations. This data supports the previous analyses in Parts
datawas available to conduct DMRT rankings for mixes con- 1 and 2 and the analysis of the lower design compactive effort
taining FA-7 and FA-9. Mixescontaining FA-7 (i.e, BRZand  work in Part 3. Mixes having gradations passing through the
TRZ) had similar rut depths based upon the DMRT rankings. restricted zone perform similarly or better than mixes having
For the FA-9 mixes, the BRZ gradation (i.e., thecontrol) had  gradations passing outside the restricted zone.




CHAPTER 4

CONCLUSIONS, RECOMMENDATIONS, AND SUGGESTED RESEARCH

CONCLUSIONS

The following conclusions are drawn from the analysis of
data presented in Chapter 3.

1. Mixes meeting Superpave and FAA requirements

— Relatively finer gradation mixes (such as ARZ and
HRZ) tend to have higher %G,@Niiia Vaues
compared with the values of TRZ, CRZ, and BRZ
mixes.

— High FAA values do not necessarily produce high
VMA in mixes athough there was ageneral trend of

with gradations that violated the restricted zone per-

formed similarly to or better than the mixes with gra-

dations passing outside the restricted zone. This con-
clusion is drawn from the results of experiments with

9.5- and 19-mm NMAS gradations at Ngesgn Values of

75, 100, and 125 gyrations and is supported by exten-

sive, independent results from the literature.

. Therestricted zone requirement isredundant for mixes

meeting all Superpave volumetric parameters and the

required FAA. References to the restricted zone, as
either arequirement or a guideline, should be deleted
from the AASHTO specifications and practice for

Superpave volumetric design for HMA, regardless of

NMAS or traffic level. Some agencies have used the

restricted zone to differentiate between coarse- and

fine-graded Superpave mixtures. Because the term

“restricted zone” will be deleted, research needs to

be done to differentiate and define coarse- and fine-

gradations, if desired.

. Although not germane to the primary objective of this

project, the following observations were made:

— Coarse-aggregate type has a significant effect on the
VMA of mixes. Coarse, angular granite aggregate
generally produced ahigher VMA than did the coarse,
crushed gravel aggregate.

— Coarse-aggregate type has a significant effect on
%Gm@N;iia Values. However, fine-aggregate type
and gradation appear to have more significant effects.

— ARZ and CRZ gradations tend to provide higher
VMA values; the TRZ gradation provided the low-
est VMA values.

— The TRZ gradations generally provide the lowest
VMA valuesfor both the 9.5- and 19.0-mm NMAS
mixes. This result suggests that the MDL drawn
according to the Superpave guidelines (connecting
the origin of the 0.45 power chart to the 100-percent
passing the maximum aggregate size) is located
reasonably on the gradation chart.

increasing VMA values for increasing FAA.

— Higher FAA values generally produced lower %G,
@N,iia Values. None of the mixes having an FAA
value lower than 45 met the %G,,,@N;ia require-
ments of 89 percent and lower for the mixes prepared
at Ngesgn =100 and 125. Thisindicates that high FAA
values contribute to a stiffer fine aggregate/asphalt
component in HMA at initial compaction levels.

— Noneof the mixesfailed the %G, @Naximum require-
ment of 98 percent maximum. In the future, the
validity of this requirement should be examined.

— Numerous mix designs in this study exceeded the
maximum VFA requirement of 75 percent. The
Superpave requirement of 65.0 to 75.0 percent for
VFA effectively limitsthe VMA of 9.5-mm NMAS
mixes to a narrow range. Both VMA and VFA
requirements for 9.5-mm NMAS Superpave mix
design need to be evaluated.

— The potentia of mixes failing because of excessive
VMA (i.e., more than 2 percent above the minimum
specified value) increases with alower design com-
pactive effort, angular coarse aggregate content, and
high FAA values.

— Both the APA and the RLCC test were reasonably
sensitive to the gradation of mixes. The RSCH test
conducted with the Superpave shear tester was not
found to be as sensitive to changes in gradation.

RECOMMENDATIONS

The primary objective of thisresearch project wasto deter-
mine under what conditions, if any, compliance with the
restricted zone requirement is necessary when an asphalt
paving mix meets all other Superpave requirements such as
FAA and volumetric mix criteria (such as VMA) for a proj-
ect. The results of the study demonstrated that the restricted
zoneisredundant in all conditions (such asNMAS and traf-



fic levels) when all other relevant Superpave volumetric mix
and FAA requirements are satisfied. Therefore, al reference
to the restricted zone in AASHTO MP2-00 and AASHTO
PP28-00 should be deleted thoroughly to avoid any confusion
in implementation.

The following specific revisions to AASHTO MP2-00,
“Standard Specification for Superpave Volumetric Mix
Design,” are recommended:

* Delete Section 6.1.3, which reads: “ Gradation Restricted
Zones—It isrecommended that the sel ected combined ag-
gregate gradation does not pass through the restricted
zones specified in Table 3. See Figure 1 for an example
of a graph showing the gradation control points and
the restricted zone.”

* DeleteTable 3: Boundariesof Aggregate Restricted Zone.

* Renumber Table 4 as Table 3, and Table 5 as Table 4.

* Sections 6.2, 6.3, 6.4, and 6.5: change “Table 4" to
“Table 3.

» Section 7.2: change “Table 5" to “Table 4.”

* Figure 1: delete the words “and Restricted Zone” from
thetitle. Erase or removetheillustration of therestricted
zone from the figure.

Thefollowing revisionsto AASHTO PP28-00, “ Standard
Practice for Superpave Volumetric Design for Hot-Mix
Asphalt (HMA),” are recommended:

* Section 6.8: revise “confirm that each trial blend meets
M P2 gradation control (see Tables 2 and 3 of MP2)” to
read as follows: “confirm that each trial blend meets
M P2 gradation control (see Table 2 of MP2).”
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* Figure 1: remove the illustration of the restricted zone
from the figure.

SUGGESTED RESEARCH

Table 3 of AASHTO MP2-00 presents gradation restricted
zonesfor five NMAS mixtures: 9.5-mm, 12.5-mm, 19.0-mm,
25.0-mm, and 37.5-mm. Section 6.1.3 states “It is recom-
mended that the selected combined aggregate gradation does
not pass through the restricted zones specified in Table 3.”

AASHTO PP28-00 specifies four design compaction lev-
€ls (Ngesign) Of 50, 75, 100, and 125 gyrations corresponding to
four design ESALs of < 0.3 million, 0.3 to < 3 million, 3 to
< 30 million, and = 30 million, respectively.

Idedlly, then, the necessity of the restricted zone for five
NMAS and four traffic levels (i.e., 5 x 4 = 20 combinations)
should be evaluated. This would be a monumental task and
is considered unnecessary by the research team. Besidesthis
project (NCHRP Project 9-14), various researchers have
already evaluated the restricted zonein NMAS ranging from
9.5 mm to 37.5 mm and Ngesign ranging from 75 to 152 gyra-
tions. Table 12 gives this information; the work is reviewed
indetail in Appendix A. Thisbody of research clearly shows
the redundancy of the restricted zone for various NMAS and
traffic levelslisted in Table 12.

There does not appear any need for conducting additional
research pertaining to the design compaction level of 50 gyra-
tions because those mixes are used for light-traffic-volume
roads. This leaves Nyqn Of 75, 100, and 125 gyrations to be
researched. Table 13 presentsthe NMAS mixesthat have been
evaluated at compactive efforts of 75 gyrations and higher.

TABLE 12 NMASand compactive efforts evaluated by resear chers

Researchers” NMAS Ngesign
(Gyrations)

NCHRP Project 9-14 9.5 mm 75, 100, and 125

19.0 mm 75 and 100
McGennis (1997) 19.0 mm 96
Anderson and Bahia (1997) 19.0 mm 109
Sebaaly et al. (1997) 19.0 mm Hveem design
Van de Ven et al. (1997) 9.5 mm 142

12.5 mm 142
El-Basyouny and Mamlouk (1999) 19.0 mm 113

37.5 mm 113
Kandhal and Mallick (2001) [2.5 mm 76

19.0 mm 76
Chowdhury et al. (2001) 19.0 mm 86 and 96
Hand et al. (2001) 9.5 mm 76, 109, and 152

19.0 mm 76, 109, and 152
" See Reviews, Appendix A.
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TABLE 13 Evaluations by researchers

NMAS Nyesign Gyrations

9.5 mm 75,76, 100, 109, 125, and 142
12.5 mm 76, 142

19.0 mm 75, 76, 86, 96, 100, 109, 113, and 152
25.0 mm None

37.5 mm 113

Table 13 shows that al NMAS mixes except 25.0-mm,
whichisused primarily in HMA base courses, have been eval-
uated. If the restricted zone is redundant for 19.0-mm and
37.5-mmNMASmixes, itisprobableit will also be redundant
for theintervening 25.0-mm NMAS mix aswell. The Georgia
DOT’ s25.0-mm NMAS base mix has gradation that overlaps
asmall portion of the Superpave restricted zone. According to
Watson et a. (3) the average rut depth (measured by the
GLWT) obtained on the base mix was 2.6 mm, the lowest of
all the mixes used by Georgia DOT; this indicates the redun-
dancy of therestricted zonefor 25.0-mm NMAS mixes. The

research team is of the opinion that no further research work
on the restricted zone is necessary and that the zone should
be considered redundant for all NMAS mixes. However, if
it is strongly believed that the research team should fill the
research gaps, the following combinations of NMAS and
Naesign re suggested:

NMAS Neesgn Gyrations
12.5 mm 100
25.0 mm 75 and 100

It is recommended to use the APA only for performance
testing because it was observed to be the most sensitive to
change in gradation of the three test procedures used in
NCHRP Project 9-14. At least six fine aggregates covering a
wide range of FAA values should be used. It isrecommended
to use crushed gravel coarse aggregate for an Nyesgn Of 75 gyra-
tions and granite coarse aggregate for an Ngesg, Of 100 gyra-
tionssimilar to the work plan for Part 3. Thiswill increase the
potential of obtaining HMA mixesthat will meet the minimum
VMA requirements. The cost of this additional research work
is estimated to be $200,000.
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